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  Continuing increases in areal density of hard disk drives will be limited by transition noise 
and superparamagnetic effect. The transition noise arises from random zig-zag domain walls 
between bits in granular media. Alternatively, superparamagnetic limit in which the 
individual grain and boundary sizes in the magnetic recording medium become small that 
they are not stable enough in opposition to thermal fluctuation. These conditions are not 
desirable as the stored data in hard disk drives may be lost in period of a short time frame. To 
address above problems, bit patterned media (BPM) technology is considered as one of the 
most promising candidates to enable recording densities above 1 Terabits/inch
2
.  
   In bit patterned media, a periodic array of magnetic bits is defined lithographically on a 
magnetic substrate.  In such scheme, each bit is stored in a single magnetic island, which can 
help to eliminate transition noise between the bits. However, BPM is not without problem 
either. Fabrication of 10 nm nanostructures over a large area at a high throughput with 
cheaper cots is an immense challenge for the manufacturing. Moreover, writability and 
synchronization of patterned islands are other challenges for recording system. One of the 
fundamental issues associated with BPM is the element to element variation in intrinsic 
magnetic properties resulting in the widening of switching field distributions (SFD). 
   Therefore, the main focus of this dissertation is trying to understand and minimize the SFD 
of patterned magnetic media and its correlation with different structures. Two approaches 
such as Antiferromagnetically coupled (AFC) perpendicular configurations and Capped bit 
patterned media (CBPM) are used to study and minimize the SFD of patterned media.  
   In the first approach, AFC patterned magnetic medium reduces dipolar interaction without 
scarifying writability and thermal stability. In order to observe AFC at remanence state after 
 vi 
 
patterning to reduce the SFD, it is necessary to have a structure where the inter layer 
exchange coupling field (Hex) is higher than coercivity of thinner layer. Therefore, with this 
focus in mind, the effect of  granularity, different magnetic anisotropy constants such as 
(CoPt, Co, CoPd, CoCrPt) for stabilizing layer and also effect of low and high exchange 
coupling fields (15 kOe and less than 1000 Oe) were studied to minimize the SFD. 
   We showed low exchange AFC field when the Co/Pd multilayers with 10 repeats were 
antiferromagnetically coupled with (Cot/Pd)3. The interesting result was the observation of 
perpendicular magnetic anisotropy for Co/Pd multilayers even when the Co sublayers 
thickness was 1 nm. In addition, other type of AFC structures were fabricated in which the 
(Co/Pd)×15 multilayers were coupled with thin Co layer. A high exchange field (15 kOe) was 
observed while the Co layer thickness was 0.75 nm. This obtained high exchange coupling in 
our work (observed for the first time) may shed light on AFC bit patterned media and  in 
magnetic tunnel junction (MTJ) devices with an antiferromagnetically coupled (AFC) free 
layer. 
   In the second approach, we study the role of a small exchange coupling between isolated 
single-domain magnetic dots through a thin continuous film on SFD of patterned media. This 
design is called capped bit patterned media (CBPM). It was observed that the SFD can be 
reduced when hard patterned magnetic island is coupled with a thin film layer. CBPM also 
exhibit writability advantage at higher densities, indicating their potential application as bit-
patterned media. In summary, this thesis indicates that both approaches (AFC and CBPM) 
open a new pathway to reduce SFD of patterned structures by optimizing magnetic layer 
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Chapter 1. Introduction 
  
  Magnetic recording technology, in the form of hard disk drives, has completed more than 
five decades of their presence. This technology has dominated over other competing 
technologies because of the possibility of large capacity storage at cheaper costs. It has 
maintained its competitive edge by scaling aggressively and overcoming the challenges by 
constantly innovating.  As far as the read sensors are concerned, the technology has made 
significant technological migrations when moving from inductive heads to thin film heads, 
thin film heads to magnetoresistive (MR) heads, and later to giant magnetoresistive (GMR) 
and tunnelling magnetoresistance (TMR) heads. In the case of recording media, the starting 
point was a humble spray-paint of ferrite particles. Later, the media technology used thin 
films and granular films for longitudinal recording. The advent of perpendicular recording 
technology saw the use of granular films with several layers including soft magnetic 
underlayers. In order to extend the magnetic recording technology, alternatives such as heat-
assisted magnetic recording (HAMR) and bit-patterned media are considered.  
  This chapter provides an overview of the principles and basic scheme of conventional 
recording technologies and addresses the issues in extending the areal density.  Moreover, 
patterned media technology with its associated challenges is discussed as an advanced 
technology for ultrahigh density magnetic data storage. A detailed discussion is presented on 
switching field distribution in patterned media. In the last part of this chapter the scope, 





1.1 History of magnetic recording technology 
 
   Magnetic recording technology was invented 100 years ago. From tape recording to disk 
drives, the magnetic recording technology has come a long way. They have become an 
indispensable tool especially in electrical equipment such as personal computers, laptops, and 
MP3 players. They have also played a crucial role in development of data storage systems. 
Hard Disk Drive (HDD) currently is the key part of data storage industry, and this role is 
continually increasing due to decreasing price per gigabyte, improved performance and 
storage capacity. After the invention of the original Random Access Methods of Accounting 
Control (RAMAC) as first hard disk drive  by International business machine (IBM) in 1956, 
a variation of scaling laws have been used to increase the areal density of HDD [1-5].  
   The tremendous growth of the data storage industry and storage capacities have been made 
possible by the increase in areal density due to the scaling down of head and media 
dimensions, as well as the flying height. This downward scaling is possible because of the 
improvement in performance of the read and write heads, media, electronics, signal 
processing and mechanical design. The conventional magnetic recording technologies can be 
categorized in to perpendicular and longitudinal recording system. The recording technology, 
based on in-plane magnetization (longitudinal recording) was dominant for about five 
decades.  Perpendicular magnetic recording technology (PMR) has been proposed in the late 
of 1970s as an alternative to longitudinal recording [6, 6].  
   However, it took more than three decades to utilize the PMR commercially in hard disk 
drives. It is because the industries did not want to invest the time, money, equipment for a 
new technology which needed a lot of optimizations. Until recently, longitudinal magnetic 




1.2 Principle of magnetic recording 
 
   Magnetic recording is based on two simple principles. First, magnets produce a magnetic 
field at the poles and this field is used for reading information. Second, the polarity of the 
magnets in the recording can be changed by applying external fields. This is generated by 
electromagnets by changing the direction of current in the coil, which provides a possibility 
of writing information.  Basically, magnetic recording technology can be divided into 
categories such as longitudinal and perpendicular recording technologies [4-6].  
1.2.1 Longitudinal recording 
   In longitudinal recording, where the magnetization of the bits are in the direction parallel to 
the media, the demagnetizing field from one bit opposes the magnetization direction of the 
next bit. This affects the sharpness of the transition negatively and consequentially, the 
maximum possible recording density [4, 5]. A schematic of longitudinal recording is shown 
in figure 1.1. It can be seen that a particular section of the media is magnetized by the 
fringing field from the recording head (inductive head) as the head passes through the media. 
The magnetization will either be pointing in the positive or negative longitudinal direction, 
creating either a transition or no transition between two bits. The presence or absence of the 




Figure 1.1. Recording a bit in longitudinal recording and Transition between two opposing 
magnetization. 
 
   For reading, the read head (MR Head) will pass over the medium and measure the flux 
emerging from the medium and the resultant voltage is compared. Where there is a transition 
during a read-window, the flux emitted will be large and the bit will be registered as a ―1‖. In 
cases where there is no transition during a read window, a ―0‖ will be registered. In 
conventional longitudinal recording, media thickness is limited by transition noise, which 
increases the transition parameter, and the effective head-media spacing, which lowers the 
writing field and writing field gradient in the media. Also, a bit boundary in longitudinal 
recording forms a charged domain wall, which generates strong destabilising fields that 
widen transitions, a problem that increases with areal density. 
1.2.2 Perpendicular recording 
 
   Perpendicular magnetic recording (PMR) has been proposed to increase areal density of 
data storage [6] as an alternative to longitudinal recording. While the recording principle may 
differ slightly from that of the conventional longitudinal recording, switching to 
perpendicular recording required modification of almost all components of the drive design, 
including the head and the detection channel. For perpendicular recording, the easy axis of 
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magnetization is perpendicular to film plane as shown in figure 1.2. The recording layer is 
deposited on a soft under layer (SUL), which helps to guide the flux from the write pole to 
the collector pole. The SUL can be thought to be acting as a mirror image of write pole such 
that the medium is effectively inside the ‗gap‘ of the write head. This results in a writing field 
that is nearly doubled  
   The hassle of making the transition to perpendicular recording as well as the success gained 
in optimizing the performance of longitudinal recording resulted in the delay of perpendicular 
recording in commercial products.  
   Figure 1.3 shows the schematic illustration of three important layers for PMR media, 
respectively. It can be seen that a magnetic recording layer (RL), a soft magnetic under layer, 
and intermediate layer are essential layers for PMR technology. Co-based granular media 
with oxide-rich grain boundaries have been used widely for recording layer. The intermediate 
layer has an essential role to control the structure of recording layer.  
   In order to sustain the continuous growth in areal density, the grain size of PMR media 
must be reduced. Recently, several approaches have been studied to reduce the grain size 
with controlling sputtering conditions, the amount of oxide in magnetic layer and engineering 




Figure 1.2. Orientation of the magnetic moment of bits in perpendicular recording media. 
 
    In chapter 4, the effects of granularities were employed to induce superparamagnetic state 
in stabilizing layer in contrast with advantages of granularity effect in perpendicular magnetic 
recording.  
   The use of perpendicular recording has several advantages over the traditional longitudinal 
recording. Firstly, higher writing field can be used in perpendicular recording. This is due to 
the single pole head working in conjunction with the SUL. The writing field is effectively 
doubled hence allowing grains of higher anisotropy to be used ensuring higher thermal 
stability. 
   Secondly, perpendicular media are strongly oriented, resulting in less DC noise and hence a 
sharper recorded transition. The highly oriented grains are due to its natural anisotropy 




Figure  1.3. The illustration of schematic perpendicular media structure. 
    Lastly, demagnetization field is small at transition. Narrow transition (smaller transition 
length) can be written and this improves thermal stability of high-density data pattern. Non-
linear transition shift in the perpendicular medium are less critical, compared to longitudinal 
recording [16]. 
1.3 Magnetic recording media trilemma and superparamagnetic effect 
 
   The increase in the areal density of hard disk drives will be limited by the trilemma 
(thermal stability vs. writability and signal to noise ratio (SNR)) of granular thin film media 





Figure 1.4. Trilemma of granular media. 
  It can be seen that, to achieve high signal to noise ratio for higher areal density which is 
relating to number of grains per bit (N), there is a need to increase number of grain per bits.  
So, grain size should be decreased. However, by decreasing size of grain and its volume (V) 
and it can reduce the thermal stability of grains. The thermal stability factor is measured with 
Arhennius equation. The Arhennius equation (Equation 1.1) relates to the time it takes for 
decay in magnetization in a magnetic media.  
       (
   
   
)        
is the periodic attempt for magnetic reversal which has a value of about 10
-9
 s. V is the 
volume of the particle under consideration. T is the absolute temperature in Kelvin and    is 
anisotropy constant.    is the Boltman constant, 1.38× 10
-23
 J/K. From research done so far 
regarding magnetic media, it has been stated that the value of  which refers to the 
stability factor must be in the range of 40 to 60 for a single bit to remain stable for a period of 
10 years.  
   If the value of the stability factor is too low,   in equation 1.1 will be very low, indicating a 








magnetization very fast and superparamagnetic effect becomes a major problem. It means 
that without applying external magnetic field the magnetization direction will fluctuate and it 
can result in a loss of data.  Naturally, a very high stability factor is desirable because it 
would make the decay time to be very long and hence enabling archival ability for the 
information stored. Nevertheless, there is also a limitation as to how high the stability factor 
should be. A stability factor too high will affect writability of the media because the head 
field might not be strong enough to be able to magnetize the grains [18-20]. Therefore, it is 
necessary to consider novel technologies to delay superparamagnetic effect. Nowadays, there 
are two important technologies for this objective such as Energy assisted recording [21, 22], 
and patterned media. Heat assisted recording has the potential to circumvent the 
superparamagnetic limit by making use of high anisotropy materials. Bit patterned media is 
another technology that has been studied as one of the most promising candidates for 
extending the recording density with sustained stability. [19-21] 
 
1.4 Bit-patterned Media (BPM) 
   A patterned recording medium consist of periodic arrays of magnetic elements, as shown in 
figure 1.5, where each element has a uniaxial magnetic anisotropy and will store one bit [18-
20]. The easy axis could be either parallel or perpendicular to the substrate, although the 
latter is more common in today‘s research. Unlike the thin film media, grain within each 
patterned media element are preferred to be strongly coupled so that the entire element can 






Figure 1.5. An illustration of bit patterned media.   
   Shew et al. in 1963 recognized the advantages of patterning recording media. They 
illustrated that discrete patterned tracks on a hard disk platter could reduce the cross-talk and 
noise problems associated with head positioning errors and allow increased tracking 
tolerances [23]. Lambert et al, have used patterned magnetic films to explore narrow track 
recording [24]. It was shown that patterned magnetic medium can be used to provide 
feedback information to a head servomotor. 
   The first studies of regular islands of sub-micron patterned magnetic islands were presented 
in a series of papers by Smyth et al. [25]. The group studied the collective switching 
properties of lithographically defined permalloy (NiFe) islands, and compared their results 
with micro-magnetic calculations. 
1.4.1 Advantages of bit patterned medium 
  Patterned media scheme has several advantages. First, it is desirable to avoid grain 
boundaries within the magnetic element. It means that the transition noise is eliminated 
because the bits are now defined by the physical location of the elements and not by the 
boundary between two oppositely magnetized (but physically in contact) regions of a thin 
film media. Second, very high data densities can be achieved because the thermal stability 
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criterion now refers to the volume and anisotropy of the entire magnetic element, not to the 
individual grains comprising the conventional granular media. In addition, the grain size can 
be as large as the isolated element, which is around 10 nm for Tbit/in
2
.  
1.4.2 Bit patterned media Challenges  
   Figure 1.6 shows the major challenges for patterned media. They have to be optimized in 
which this technology becomes commercialized. 
 
Figure 1.6. Obstacles of Bit patterned media (BPM). 
   One of the challenges in patterned media recording is the manufacturing of the sub 10 nm 
patterned media. Fabrication procedures such as electron beam lithography, ion beam 
lithography, immersion lithography, and nanoimprinting [26-31] have been investigated for 
high-resolution patterned media. Yang et al. fabricated bit-patterned media using high-
resolution electron beam lithography followed by the deposition of a magnetic film in order 
to avoid resolution degradation due to etching or lift off. They have demonstrated a 5.1 
Gb/mm² (3.3 Tb/in²) areal density [32]. In addition to the difficulties of disk fabrication, 
writing must be synchronized so that the write field is coincident with the location of 




   For patterned media to be viable, the information must be read at a higher data density level 
than that of conventional hard drive. The higher data density is completely determined by 
fabrication resolution. As it is shown in table 1.1 to achieve 1, 4 and 10 Tbit/in
2
 recording 
density, the center to center spacing (pitch) has to be 25, 12.5 and 8 nm respectively. This 
limit is well beyond the conventional optical lithography. Moreover, another limitation of 
BPM is the difficulty of realizing a low-cost and high-throughput fabrication process. 
However, improvement in resolving this problem will result in the realization of bit-patterned 
media (BPM) in the near future.  
Table 1. 1. Pitch (center to center) and bit area requirements for different areal densities. The BAR is 
defined as the track pitch/bit pitch [33]. 
Density (Gb/in
2




Along track (BAR=1) 
Center-to-center 
distance (nm). 
Along track (BAR=4) 
500 1290 35.9 18 
750 860 29.3 14.7 
1000 625 25.4 12.7 
2500 258 16.1 8 
5000 129 11.4 5.7 
10000 64.5 8 4 
 
   Another fundamental issue associated with patterned media is the element to element 
variation in intrinsic magnetic properties resulting in the widening of switching field 
distribution (SFD) [19-21, 34, 35] as shown in figure 1.7, which will cause an increase in 
write-in-error. The write-in-errors occurs when the information cannot be written at all or the 
writing cannot be performed in the time window necessary (figure 1.7b) to ensure 
synchronization between the head position and the bit location. In order to record on to each 
individual bit reliably without disturbing the surrounding neighbors, a narrow SFD is 
required (figure 1.7a).  
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   The broadening of SFD has been attributed to several sources such as, grain orientation 
and/or grain boundary variations within nanodots [36], lithographic variations between 
nanodots [37], and distributions of the anisotropy field [20].  Shaw et al [34], in their recent 
work showed that the switching filed distribution in patterned Co/Pd multilayers is a direct 
result of material properties. They found that the origin of SFD is due to an intrinsic material 
property of Co/Pd multilayer. The broadest SFD is observed while the Pd as seed layer. 
However the Ta is used as a seed layer, the SFD reduced to below 5%. 
 
Figure 1. 7. a) A narrow vs b) wide switching field distributions. 
     O. Hellwig et al [38], studied the effect of pattern uniformity on switching field 
distribution. They fabricated patterned islands with three different methods such as: i) direct 
electron beam lithography [39], ii) copolymer self-assembly method [39] and iii) combination 
of electron beam lithography and block copolymer [41]. Uniform patterned dots with 
narrowest switching field distributions were achieved with the combination of electron beam 
registration and block copolymer elf-assembly. These results indicated that not only magnetic 
properties of media designs [40, 42] contribute to the SFD but also the placement uniformity 
and bit size distribution are critical to obtain a narrow SFD. 
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  In another study from O. Hellwig et al.[43], they investigated the coercivity tuning to adjust 
reversal field in high perpendicular magnetic anisotropy (Co/Pd) multilayer based bit 
patterned media. They have studied two approaches to minimize the switching field 
distribution (SFD). The first approach, effect of increasing individual Co thickness to change 
magnetic anisotropy, and the second approach is combining the soft material (Co/Ni)8-N 
which have low anisotropy  with hard material (Co/Pd)N to maintain narrow normalized 
switching field distribution. Data collected show that it is suitable to use a laminated hard/soft 
layer approach in order to minimize coercivity and smaller increase in switching field 
distribution in bit patterned media based on Co/Pd multilayer structures. They mentioned this 
can be happening because of narrower c-axis distribution, uncorrelated averaging over hard 
and soft layer SFD and strong exchange coupling of soft layer to hard layer. These results are 
significant for research and high areal density industry beyond of 1Tb/in
2
, because it focuses 
in SFD which is one of crucial problems in bit patterned media to exact addressability of bits 
without over writing adjacent bits. However, the requirement of a thick soft layer for such a 
composite structure poses more fabrication challenges and large head keeper spacing, which 
reduce the head writing capability. It also introduces issues such a large demagnetization 
fields and strong dependence on the exchange coupling strength.   
   The study with T. Hauet et al. [42], the role of reversal incoherency is investigated to 
reduce the SFD for new design of patterned media. They used the heterogeneous systems 
called exchange coupled composite (ECC) media [44, 45] consist of at least two coupled 
layers with low (soft) and high (hard) magnetic anisotropies. During the reversal mechanism 
the layer with low anisotropy starts reversing first and helps to hard layers moment to follow 
via the interlayer exchange coupling integrations. The torque produced with the soft layer 
moment allows decreasing the switching field of the hard layer stack, while conserving 
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thermal stability. This method can also improve the perpendicular magnetic recording 
writability. 
   More recently, Hauet et al. [46] reported the effect of light He+ ion irradiation as a method 
to tune the switching field and SFD in patterned Co/Pd multilayers. They observed that the 
irradiation has a strong influence on the Co/Pd interface anisotropy, inducing a reduction in 
the coercivity on patterned islands. Moreover, the normalized SFD is increased dramatically, 
which can be realized from the enhanced relative impact of misorientated grains as the 
interlayer anisotropy is lowered with increasing ion dose. This approach might be used to 
reduce the SFD of high anisotropy FePt patterned islands. 
   Demagnetization field between the patterned islands has an important role to have wide 
switching filed distributions. Piramanayagam et al. [47], proposed the antiferromagnetically 
coupled (AFC) patterned media to reduce the demagnetization effects in patterned medium. 
By this approach without changing the saturation magnetization, the magnetic remanet 
moment of media can be reduced and consequently magnetostatic interactions between dots 
can be tailored. In order to achieve the AFC after pattering, it is necessary that the coercivity 
of thinner layer be smaller than the exchange coupling field. Therefore, the suitable material 
design is essential to provide this criterion. 
1.5 Scope and motivation  
 
    In this thesis, understanding and control of switching filed distribution (SFD) is considered 
as one of the main gaps for bit patterned media. Therefore, the main focus of this thesis lies in 
understanding the switching field distribution of patterned magnetic media and its correlation 
with different structures. In order to investigate the SFD of bit patterned media, 
Antiferromagnetically coupled (AFC) media and Capped bit patterned media (CBPM) based 
on experimental and simulation works are employed to minimize the SFD.  
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   The continuous films were patterned into different pitches such as (400 nm, 100 nm and 50 
nm) using E-beam lithography (EBL) and Nano imprint lithography (NIL) methods. 
Magnetic force microscopy (MFM), Anomalous Hall effect (AHE) measurement and 
Alternating gradient magnetometer (AGM) were used to study of magnetic properties of bit 
patterned media.  
1.6 Organization of the Dissertation  
 
The thesis is organized in the following way: 
   In chapter 1, a brief introduction of background information and the research motivation 
with thesis organization were delivered. In addition, principle of magnetic recording 
technology was addressed in the first part. Afterward, longitudinal and perpendicular 
recording technologies with their challenges (media trilemma) and superparamagnetic limits 
were presented, and possible solutions were proposed. More understanding of physics for 
novel recording technologies to further extend the limit of recording areal density was 
discussed. In the last part of this chapter, a review of patterned media with its challenges 
especially switching field distribution was addressed. In addition dipolar interaction was 
discussed in this chapter, as an important factor to have a wide switching field distribution in 
bit patterned media. 
   In chapter 2, the fabrication and characterization methods particularly anomalous Hall 
effect measurements and magnetic force microscopy tip with perpendicular magnetic 
anisotropy (PMA) are discussed for thin films and pattern islands.  
   Chapter 3 focuses on a quantitative study on the effect of dipolar interactions on SFD of 
patterned media based on simulation, modeling and experimental works.  The SFD is 
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compared in the square and staggered bit patterned media with 50 nm pitch and 30 nm dot 
diameters, from a fundamental point view. Moreover, antiferromagnetically coupled bit 
patterned media with its main criteria to achieve AFC state after patterning is introduced to 
reduce the SFD.  
   In chapter 4, AFC patterned media is studied in two schemes with emphasis placed on the 
effect of the top layer coercivity, which will determine the remanent moment (Mr) and hence 
the dipolar interaction. In the first part of this chapter, the effect of patterning is discussed on 
stabilizing layer with different granularities. In the second part, the effect of patterning on the 
stabilizing layers with different magnetic anisotropy constant such as CoPt and CoCr:SiO2 
layers have been studied to achieve AFC state at remanent magnetization. 
   Chapter 5 focuses on basic and fundamental of two kinds of patterned AFC structures with 
low and high exchange coupling field. After then, the effect of these exchange coupling fields 
are discussed on SFD of patterned islands based on obtained full hysteresis loops. 
   In chapter 6, the second approach to reduce the SFD of patterned dots based on capped bit-
patterned media is addressed.  
   Chapter 7, the highlights of the thesis and few suggested future works are summarized. 
The main body of this dissertation is based on 17 published papers in several journals during 
the PhD period which are provided in publication list and vita. 
Summary  
 
    In summary, in this chapter we have reviewed briefly magnetic recording principles, 
conventional recording technologies, media trilemma, magnetic properties and challenges of 
BPM. We understood that fabrication of sub 10 nm magnetic islands over a large area with 
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high throughput at cheaper costs is huge challenges for manufacturing of bit patterned media. 
Moreover, writability, synchronization and switching field distribution are other main 
concerns of bit-patterned media. Several works minimized some of the limitations of BPM 
but SFD of patterned structures has not studied extensively. In this thesis, switching filed 
distributions is considered as a main gap of bit patterned media. Therefore, 
antiferromagnetically coupled structure and Capped bit patterned media are investigated to 
minimize the SFD. It is necessary to understand the basic mechanism of thin/patterned films 
fabrications and characterization methods before studying the magnetic properties of 
patterned media. Therefore, in next chapter the fabrication methods and characterization 
techniques for thin films and patterned structures are discussed. 
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Chapter 2. Fabrication and characterization methods  
 
   In the following chapter, the fabrication methods and characterization techniques of thin 
films and patterned islands under our study are discussed with details. The new kind of 
magnetic force microscopy (MFM) tip sputtered material with perpendicular magnetic 
anisotropy (PMA) constant is explored to observe the switching mechanism of magnetic 
islands. In addition, anomalous Hall effect (AHE) measurement is explained in order to 
measure full hysteresis loop of magnetic nanostructures. 
2.1 Sputtering for thin film deposition 
 
   Sputtering is one of the suitable vacuum deposition technique used by manufacturers of 
Hard disk drives, semiconductors, and optical devices. Sputtered films show very good 
homogeneity, density, adhesion and purity. With sputtering method, it is possible to deposit 
alloys of precise composition, or oxides. The magnetic layers for this study were deposited 
using DC magnetron sputtering. The basic principle of sputtering method is shown 
schematically in figure 2.1 
   Sputtering is a physical vapour deposition method, and it occurs by bombarding a target 
with energetic ions, typically Ar in a highly vacuumed condition. During sputtering, the 
materials are removed as atoms from a target collided with energetic Ar ions. By applying a 
high DC or RF voltage between the target (also known as the cathode), and the substrate (the 





Figure 2.1.schematic of sputtering process. 
2.2 Alternating Gradient Magnetometer (AGM)  
 
   Alternating gradient magnetometer (AGM) belongs to a group of magnetometers that 
measures the force exerted on a magnetized sample in a magnetic field gradient. Another 
group of magnetometers measures the voltage induced by changing magnetic flux such as 
Vibrating Sample Magnetometer (VSM). 
   The AGM is used to obtain magnetic properties of magnetic samples. The advantage of the 
AGM is that it is able to measure the hysteresis loop of magnetic samples with small 
magnetic moments. A schematic of AGM system is shown in figure 2.2. The sample must 
first be cut to a dimension of 3 mm by 3 mm. Grease is then applied to the sample before 
sticking it to the sample probe. The probe is then placed onto the adjustable bracket or the 
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sample holder. Finally, it must be ensured that there is no swaying before the start of 
calibration.  
   Basically, a sample placed in a magnetic field is vibrated at a fixed frequency via an 
electro-mechanical transducer. AGM system uses an alternating gradient field to produce a 
periodic force on a sample placed in a static direct current (D.C) or variable D.C field. The 
sample is mounted on an extension rod attached to a piezoelectric element. The alternating 
field gradient exerts an alternating force on the sample proportional to the magnitude of the 
gradient field and the magnetic moment of the sample.  
 
 
Figure 2.2. Schematic of AGM system to characterize magnetic properties of magnetic layers. 
 
   The resulting deflection of the extension is transmitted to the piezoelectric sensing element. 
The output signal from the piezoelectric element is synchronously detected at the operating 
frequency of the gradient field. The signal developed by the piezoelectric element is greatly 
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enhanced by operating at or near the mechanical resonant frequency of the assembly. A built-
in software function automatically determines mechanical resonance and sets the appropriate 
operating frequency for the sample under study and the electromagnet can induce magnetic 
fields up to 20 kOe. 
2.3 Electron Beam Lithography (EBL) 
 
   In Electron beam lithography (EBL), a beam of electrons are used as the exposure source, 
and electron beam has a very high resolution and good depth of focus on resist. Because of 
smaller spot diameter of the electrons beam compare to optical lithography, which is limited 
by the wavelength of light used for exposure, EBL is one of the best techniques for creating 
extremely fine patterns down to sub 10 nm. Direct write electron beam lithography systems 
are the most common EBL systems. Most direct write systems use a small electron beam spot 
which is moved with respect to the wafer to expose the wafer one pixel at a time. Direct write 
systems can be categorized as raster scan or vector scan, with either fixed or variable beam 
geometry. Electron beam resist is an essential part of this method for exposure [1, 2]. 
   Electron beam resists are the recording and transfer medium for e-beam lithography. The 
usual e-beam resists are polymers that dissolve in a liquid solvent. After baking out the 
casting solvent, electron exposure modifies the resist. Basically, there are two kinds of 
electron beam resists: positive tone and negative tone. In case of usage of positive resists, the 
resist is washed away at exposed regions whereas in the case of negative resist the exposed 
region remains after development. The negative electron beam resists act based on formation 
of interchain linkages during radiation procedure, which is insoluble. The schematic of E-
beam lithography for negative and positive resists is shown in figure 2.3. 
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   Some of the positive e-beam resists are: EBR-9 (acrylate based resist), PMMA (Poly 
methyl methacrylate), PBS (Poly butene-1-sulphone), ZEP (a copolymer of α -
chloromethacrylate and α -methylstyrene), and some of the negative tone e-beam resists are: 
Hydrogen silsesquioxane (HSQ: XR-1541), COP and Shipley SAL which has 3 components, 
a base polymer, an acid generator, and a cross linking agent. 
 
Figure 2.3. Schematic illustration of E-beam lithography for negative and positive resist. 
 
   Unfortunately, EBL has a severe problem with throughput. Making disk samples using 
EBL will take several weeks depending on the density. Therefore, this method is only 
suitable for R&D or as a method for making a mold. The molds can be imprinted onto 
magnetic layers to make disks in mass-production. 
   In our works, high resolution electron beam lithography was carried out on negative resist 
Hydrogen silsesquioxane (HSQ: XR-1541) purchased from Dow Corning. HSQ was diluted 
with methyl isobutyl ketone (MIBK) with concentration ratio of (1:2) to achieve about 50-55 
nm thickness of resist under identical spin coating conditions [3]. Figure 2.4 shows the 
pattern fabrication process using EBL. Magnetic layers such as single layer CoPt and AFC 
thin films were spin coated with HSQ at speeds of 6000 rpm for 60 s. The thickness of the 
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spin coated HSQ was measured with an ellipsometer at a wavelength of 632.8 nm and a fixed 
refractive index of 1.386 [4]. 
 
Figure 2.4. Patterned islands fabrications by using EBL. 
   Subsequent to spin coating, samples were pre baked on an oven at 150 °C for 2 min 
followed by another baking at 200 °C for an additional 2 min. The resist was exposed in 
Elionix ELS-7000 EBL system at 100 kV acceleration voltage and 500 pA beam current to 
obtain nanodots.        
   After exposure, samples were developed by immersion in 25% tetramethylammonium 
hydroxide (TMAH) developer at room temperature for 30 s, rinsed in 2.5% TMAH for 15 s 
followed by a rinse in de-ionized water for another 15 s. Then, by ion milling process (using 




2.4 Nanoimprint Lithography (NIL) 
 
   Nano-imprint lithography (NIL) is a process in which a mold is pressed into a thin polymer 
film on a substrate to create sub-25 nm trenches in polymers, as shown by Stephen Chou et. 
al. [5]
 
in the mid-1990s. Their work found that nano-structures imprinted in the polymers 
conform completely to the geometry of the mold.  
   Nano-imprint lithography is a paradigm-shift method that has shown sub-10 nm resolution, 
high throughput and low cost. Based on the mechanical embossing principle, nano-imprint 
technique and its variants can achieve pattern resolutions beyond limitations set by the light 
diffractions or beam scatterings in other conventional techniques. This patterning technique 
was successfully applied to the fabrication of silicon nano-devices and since then has been 
applied to fabrication of numerous electrical, optical and magnetic devices.  Nano-imprint 
lithography has a working principle fundamentally different from conventional lithography. 
Nano-imprint creates features by mechanical deformation of the resist shape using a mold. 
During the deformation, a nano-imprint resist (made of thermal plastic or a curable material) 
is in a liquid flow able state and becomes solidified after the deformation. 
   To imprint a surface, three basic components are required. These are: (1) a stamp with 
suitable feature sizes. (2) The material to be printed, usually a layer of polymer of a few  
nanometers‘ thickness with suitable glass transition temperature and molecular weight, spun 
on substrate and (3) equipment for printing with adequate control of temperature, pressure 
and control of parallelism between the stamp and substrate. 
   Figure 2.5 shows a schematic illustration of the NIL process steps which was used to 
fabricate the magnetic nanostructure in this thesis. The first part of the process involves 
making a flexible daughter mold from the master mold using thermal imprinting and second 
part involves making patterned resist on a magnetic (or other desired) substrate by using UV-
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NIL method. Figure 2.5a shows daughter mold fabrication process based on hot-embossing 
over a polymer sheet, as an example. A daughter mold produced in this way (or other 
methods) may be spin-coated with UV-sensitive resist followed by a baking step. The spin-
coating has to be optimized to achieve deep and uniform coverage of the resist over the mold. 
The spin-coating thickness determines the residual layer thickness. If the spin-coating 
thickness is too large, the residual layer thickness will also be larger which will invalidate the 
advantage of this method.  The advantages of using the first part of the process steps are in 
the ability to decrease the fabrication cost and damage of the master mold and in making the 
process of separation (demolding) easier [6]. The daughter mold, which is fabricated in this 
part of processing step, can be used several times and hence there is no need to repeat the first 
part of the process again.  
   In the second step, magnetic layers are spin coated with a commercial UV resist (STU from 
Obducat).  Then daughter mold is transferred to the STU resist in the form of patterned resist 
at a low temperature and pressure by exposure under UV light (Figure 2.5b). After the 
transfer of the resist, the flexible daughter mold can be released easily. The resist pattern, thus 
formed, can be used for pattern transfer to magnetic layer of hard disk media or other desired 
substrates.  The details of NIL process are as following. Nano-imprinting was done using an 
Obducat system. For the hot-embossing process, a pressure of 30 bar was applied on the 
polymer sheet at a temperature of 160 ºC for a time period of 180 s as has been described by 
E. L. Tan et al. [7]. The magnetic material was then coated with UV resist by spin-coating at 
a speed of 6000 rpm for 60 s, followed by a baking step at 95 ºC for 3 min. This yields a 
resist thickness of about 58 nm. The resist on the polymer sheet was transferred on substrate 
in the form of patterned resist at molding temperature and pressure of 65 ºC and 10 bar 




Figure 2.5. a)  Thermal imprint process to make daughter mold, b) UV imprint process and transfer 
the patterned structures from daughter mold to magnetic layer. 
 
2.5 Atomic and Magnetic Force Microscopy (AFM/MFM) measurement 
 
   In this session, we describe basic principle of atomic force microscopy (AFM) 
measurement and later magnetic force microscopy tip with perpendicular magnetic 
anisotropy (PMA) is discussed. Moreover, PMA-MFM tip based on modeling and simulation 




2.5.1 Atomic Force Microscopy (AFM) 
 
    The Atomic Force Microscope (AFM) is a powerful tool based on the Nobel prize-winning 
invention by Binning, Quate and Gerber in 1986 [8]. It has proved to be extremely useful in 
the process of characterizing features on various kinds of surfaces from the micrometer scale 
to the nanometer scale. Besides its capabilities as a nanoscale characterizer, the AFM can also 
be used as a nanoscale robot, i.e. for modifying surfaces or manipulation structures such as 
nanoparticles and nano-rods [9, 10]. 
2.5.1.1 Principle of AFM measurement 
 
   The AFM consists of a cantilever with a sharp tip at its end, as shown in figure 2.6. The tip 
scanned over a sample at distances on the order of a few nanometers. Inter-atomic forces 
occurred between the tip and the sample, which is less than 10
-9 
N. This small force is sensed 
by the cantilever, whose deflection is measured by a laser and a photodetector. As the tip 
scans the surface of the sample, moving up and down with the contour of the structure, the 
laser beam is deflected off the attached cantilever into a quad-photodetector. The 
photodetector measures the difference in light intensities between the upper and lower 
photodetector, and then converts to voltage. Feedback from the photodiode difference signal, 
through software control from the computer, enables the piezoelectric scanner to move the 




Figure 2.6. Illustration of atomic force microscopy measurement. 
 
2.5.1.2 The Common AFM Working Modes  
 
 
   The AFM scans on either Tapping Mode or Contact Mode. Each mode should be selected 
according to the specimen to be scanned and the kind of results desired. The three types of 
AFM modes are: 1) The contact mode; 2) the non-contact mode and 3) the tapping mode (or 
intermittent contact). In the contact regime, the cantilever is held less than a few angstroms 
from the sample surface, and the interatomic force between the cantilever and the sample is 
repulsive, as shown in figure 2.7. In the non-contact regime, the cantilever is held on the 
order of tens to hundreds of angstroms from the sample surface, and the interatomic force 
between the cantilever and sample is attractive (largely a result of the long-range van der 
Waals interactions). In the tapping mode, the cantilever makes the intermittent contact with 






Figure 2.7. Different regions for AFM modes. 
 
2.5.2 Magnetic force Microscopy (MFM) 
 
   In the last decade, several characterization techniques such as Lorentz transmission electron 
microscopy (LTEM), scanning electron microscopy with polarization analysis (SEMPA), 
spin-polarized low-energy electron microscopy (SPLEEM), magnetic resonance force 
microscopy (MRFM) and scanning transmission X-ray microscopy (STXM) have been 
developed extensively to understand underlying magnetic behaviors of magnetic materials 
[11-14]. These techniques require high vacuum and special sample preparation procedures. 
Magnetic force microscopy (MFM), on the other hand, has been considered as a common 
technique to resolve fine magnetic features in magnetic nanostructures without difficulties as 
mentioned above [15-20]. 
   Magnetic force microscopy is an extension of atomic force microscopy (AFM) that images 
magnetization patterns with sub-micron resolution, employing a sharp magnetic tip attached 
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to a flexible cantilever. The tip is placed close to the sample surface (typically within 5-35 
nm) and interacts with the stray field emanating from the sample. The image is formed by 
scanning the tip laterally with respect to the sample and measuring the force (or force 
gradient) as a function of position. The interaction strength is determined by monitoring the 
motion of the cantilever using a high-sensitivity sensor, such as an optical interferometer or 
tunnelling sensor. The ability to make images of the magnetic domain structure makes MFM 
complementary with the techniques of Kerr microscopy. In this part firstly, the principle of 
MFM measurement is discussed and in second part the MFM tip with perpendicular magnetic 
anisotropy (PMA) is introduced. It should be highlighted that all the MFM images in this 
dissertation are measured by PMA-MFM tip. 
 
2.5.2.1 Basic principle for MFM measurement 
 
   There are currently two main approaches to MFM imaging: (1) force mode MFM and (2) 
force gradient mode MFM. In the force mode MFM, a magnetically active tip is scanned at a 
spacing of a few tens of nanometers above the sample of interest and the magneto-static 
interaction between the stray field from the sample and the magnetization of the tip produces 
a force that deflects the tip and its associated cantilever from its nominal position. The 
cantilever deflection is measured as in a standard AFM and an image of the magnetic 
structure of the sample is thus obtained. This mode of operation is also often referred to as 
static or DC mode MFM [21]. 
 
2.5.2.2 MFM tip trilemma  
  
   Recording media, where information is written closely at spacing of sub-30 nm, are 
commonly used to demonstrate the advantage of the proposed method. Interestingly, very 
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similar to the recording media trilemma, the desired factors for high resolution MFM are 
conflicting in nature too, and we call this MFM trilemma. The resolution of MFM has been 
considered as a main issue in characterizing magnetic nanostructures smaller than 30 nm; 
especially for high density recording media beyond 1 Tbit/in
2
. Figure 2.8 describes the MFM 
trilemma - interaction between three factors - viz., signal, resolution and tip-sample 
interaction. The signal from the sample, from the imaging perspective, depends on the 
magnetic moment of the tip. Therefore, the signal can be enhanced by increasing the 
thickness or the saturation magnetization of the coating magnetic film, for example. 
However, a thicker coating will result in a loss of resolution, as the interaction volume with 
the sample will be increased. Increasing the saturation magnetization may also increase the 
tip – sample interaction, where, tip magnetic moment may disturb the domain structure of the 
sample itself [22-24]. A decrease in the spacing between the tip and the sample can enhance 
the signal and may increase the resolution. However, this will also lead to an enhancement of 
the tip - sample interaction. For the improvement of the lateral resolution (interaction 
volume), high aspect ratio tips -trimmed by focus ion beam (FIB)- have been proposed [25]. 
Antiferromagnetically coupled tips in longitudinal geometry, which act like pointed dipoles, 
have also been proposed for improving the lateral resolution. Tips with low magnetic moment 
have been proposed to reduce tip-sample interaction. However, because of the low magnetic 
moment of such thin magnetic films the sensitivity is affected [15-20, 24].
 
A suitable MFM 





Figure 2.8. Magnetic force microscopy (MFM) Trilemma.  
 
2.5.2.3 MFM tip with perpendicular magnetic anisotropy (PMA) 
 
   In our work, in order to measure the magnetic domains for thin films and switching 
mechanism of bit patterned media, we fabricated two different types of tips. The objective 
was to achieve higher resolution through easier fabrication methods instead of complex 
techniques such as FIB trimming or MFM under high vacuum. 
    The two kinds of MFM tips include those with a perpendicular magnetic anisotropy 
(PMA), tips with a reference tip with no perpendicular magnetic anisotropy (no PMA) [26, 
27]. Comparison between the fabricated tips with commercial tips (which are similar to our 
reference tips) was made by studying their resolution on pre-recorded bits onto a 
perpendicular recording medium. The following MFM tip structures were deposited by dc 
magnetron sputtering using a BPS Circulus M12 sputtering system: Ta (10 nm)/Ru (10 nm, at 
0.5 Pa)/Ru (10 nm, at 8 Pa)/ CoCrPt: SiO2 (15 nm at 8 Pa)/ Ta (5 nm) as PMA tip, previous 
structure without Ta (10 nm) for tip with no PMA. The layers of Ta and Ru deposited help to 
induce PMA to CoCrPt: SiO2 magnetic layers. The structure without Ta seedlayer is expected 





Figure 2.9. Out-of-plane and In-plane hysteresis loops of the (a) magnetic layers deposited on Ta/Ru 
seedlayers (similar to PMA-tip), (b) without Ta seedlayers (as no PMA tip similar to commercial tip). 
    
   Figures 2.9a and 2.9b show the out-of-plane and in-plane hysteresis loops for samples with 
PMA and no PMA, respectively. It can be noticed from the out-of-plane hysteresis loops that 
the films grown on Ta/Ru seedlayers (PMA tip) show a larger coercivity field of 3.1 kOe and 
a larger remanence magnetization of 470 emu/cc as compared to films without Ta seedlayer 
(no PMA tip), which have a coercivity field of 2.1 kOe and remanence magnetization of 200 
emu/cc. The magnetic anisotropy constant (Ku) - as determined by measuring the in-plane 
and perpendicular hysteresis loops[28] – was found to be 2.8×106 erg/cm3 for the film with 




 for the case of film with Ta seedlayer. 
 
2.5.2.4 Hypothesis of PMA-MFM tip 
 
   Figure 2.10 shows scanning electron microscopy (SEM) images of (a) atomic force 
microscopy (AFM tip) before deposition of magnetic layers, (b) tip coated with PMA thin 
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film and (c) Commercial (random anisotropy) MFM tip along with an illustration of two bits 
of a recording medium.  
 
Figure 2.10. Scanning electron microscopy (SEM) images of (a) Tip before deposition of magnetic 
layers, (b) tip coated with perpendicular magnetic anisotropy (PMA) layers and (c) Commercial MFM 
(random anisotropy) tip, respectively.  
 
   It can be noticed that the radius of MFM tips after deposition of magnetic layers is the same 
as in commercial tip. In the case of later one, the magnetization of the whole of the tip region 
interacts with the flux from recording media as there is a perpendicular component around the 
tip curvature. Hence, the interaction volume of the tip with no PMA is larger and hence the 
resolution cannot be higher.  In contrast, for tips with PMA configuration, only the apex of 
the tip has a perpendicular magnetization and hence it has a smaller interaction volume with 
the stray field from the media. As a consequence, the resolution of image response is 
expected to increase due to the perpendicular component of tip magnetization. 
2.5.2.5 Resolving of magnetic domains in granular media 
 
   In order to compare commercial MFM tips and PMA-MFM tips, the MFM images have 
been taken from data tracks written onto a CoCrPt: SiO2 perpendicular medium at linear 
recording densities ranging from 400 kilo-flux cycles per inch (kfci) to around 800 kfci, 
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which correspond to bit lengths of 63 nm and 31 nm, respectively. MFM scans were obtained 
with a Veeco Dimension 3100 scanning probe microscope in tapping lift mode. 
 
Figure 2.11. Magnetic force microscopy (MFM) images of recorded patterns measured using tips with 
PMA, without PMA and standard tips at 10 nm scan height. 
 
   Figure 2.11 shows MFM images of written bits in a perpendicular recording medium at a 
scan height of 10 nm, for tips with PMA, no PMA (20 nm thick magnetic layer coating), and 
commercial tips. It can be seen that the tip with PMA resolves the patterns clearly at 800 kilo-
flux change per inch (kfci); the tips without PMA and commercial tips have a poorer signal. 
This is understandable; because the tip with PMA has a larger remanent moment compared to 
the tip without PMA, as discussed above, and hence can provide better signals with thinner 
coatings. It has to be mentioned that the medium used in this study has a surface roughness of 
3 Å measured by AFM probe, showing that there is no topographic effect on MFM images.      
2.5.2.6 Resolving of magnetic island for bit patterned media 
 
  In addition, in order to evaluate the improved performance of tips with PMA, MFM 
measurements were carried out on BPM. The patterned dots were achieved with high 
resolution electron beam lithography using hydrogen silsesquioxane (HSQ) as resist [29]. The 
dots were of 40 nm in diameter with 10 nm spacing between them. Figure 2.12 shows AFM 
and MFM images of bit patterned media over the area of 6 μm× 6 μm using (a, b) PMA tips 
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and (c, d) commercial tips, respectively. In addition, the enlarged AFM/MFM images of the 
patterned islands are shown in the inset of figure 2.12. 
 
Figure 2.12. AFM and MFM scans of bit-patterned media samples with 10 nm spacing as measured 
by the PMA tips (top) and commercial tips (bottom). 
 
   It can be seen clearly that the MFM images are not topographic images and the individual 
switching of dots can be observed by PMA tip. Alternatively, the MFM images from the 
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PMA tips show a clear separation between the magnetic dots, highlighting that the magnetic 
flux can be resolved at spacing of 10 nm with PMA tips. 
2.5.2.7 Response modeling for PMA tip 
    
   In order to provide further evidence on the effect of perpendicular magnetic anisotropy in 
enhancing the resolution of MFM tip, modeling was carried out to simulate the magnetic 
response of a tip with PMA and tip without PMA to written magnetic transitions. Stray fields 
from perpendicular magnetic recording media were considered by the two following 
equations [30, 31]: 
            *   
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   Where δ =15 nm is media thickness, a =15 nm is bit length, Mr = 400 emu/cm
3
 is remanent 
magnetization of media, and z0 = 5 nm is height above the top surface. The remanence 
magnetization of PMA tip and no PMA tip are considered to be 500 emu/cm
3









   In this calculation we considered 5 magnetic elements for both tips at different height such 
as 5 nm, 7 nm, 9 nm, 11 nm and 13 nm from the media. The height, radius, and saturation 
magnetization of both tips are 40 µm, 30 nm and 800 emu/cc, respectively. The image 
resolution between magnetic moments of tip (µ) and stray fields from the media is calculated 
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   Figure 2.13 shows the calculated image response of MFM tips. PMA tip response shows a 
full-width at half maximum (FWHM) of about 18 nm, as compared to a FWHM of only 28 
nm in tips with no PMA. The model calculations confirm the potential improvement of 
resolution when MFM tip with PMA is used. 
2.6 Anomalous Hall Effect (AHE) measurement 
 
   The Anomalous Hall effect (AHE) has been used for a very long time [32-34], and a lot of 
works have been done by researchers to understand the physics of this phenomenon. At the 
first glance, the AHE is the same as ordinary Hall effect in semiconductors or metals: if we 
put a sample with an electric current into an external magnetic field H in which perpendicular 
to the current, then there happens a voltage in the direction of perpendicular to current and 
the magnetic field. This phenomenon is named ordinary Hall effect which is related to the 
Lorentz force acting on electrons moving in the field H. However, if the electrical current is 
passed through ferromagnetic materials and simultaneously a magnetic field is applied, 
because spin orbit interaction between magnetization and electric charge the hysteresis loop 
of magnetic sample can be obtained. 
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   The conventional magnetic characterization techniques such as: Alternating gradient 
magnetometer, Magnetic Force Microscopy can only measure one magnetization direction at 
a time. Moreover, the out-of-plane and in-plane hysteresis loops cannot be obtained using 
those techniques.  Anomalous Hall Effect can, however, distinguish in plane and out of plane 
magnetization. In addition, this method is useful to measure full hysteresis loop of patterned 
media even over small area. Thus, in the chapter 6 of this thesis AHE is used to investigate 
magnetic properties of Capped bit patented media. 
2.6.1 Hall bar fabrication and AHE measurements 
 
    In our work, Hall effect (HE) measurements were carried out to observe the anomalous and 
planar hall voltages and to quantify the perpendicular and in-plane components of 
magnetization and also to measure the full M-H loop of patterned structures. For the AHE 
measurements, the Hall cross-bar was first lithographically patterned onto thermally oxidized 
Si substrates using the Karl-Suss mask aligner and a positive-tone photoresist. Materials 
consisting of the film stack were then deposited into the exposed region followed by a lift-off 
process. Contact pads were then fabricated in the same manner onto each arm of the Hall bar 




Figure 2.14. (a) SEM image from Hall bar, (b) schematic diagram showing the relative angles 
between the external magnetic field H, Magnetization M and the current I. 
 
   Figure 2.14 shows a typical scanning electron microscopy (SEM) image of a fabricated 
device ready for AHE measurements. A vibrating-sample magnetometer (VSM) with 
magnetoresistance (MR) controller was used to perform the AHE measurements. The magnet 
in the VSM provides a field up to 20 kOe at various angles with respect to the film normal. 
The MR controller provides a constant current of 2 mA through the Hall bar and measures the 
resistance in a direction perpendicular to the current flow.  
 
2.6.2 Extracting the Anomalous and Planar Hall voltages 
 
   The Hall voltage is obtained by multiplying the measured resistance with the applied 
current as shown in following equation [35-37]: 
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Where t is the layer thickness, RH the ordinary Hall coefficient, RS is the anomalous Hall 
coefficient and K is the planar-Hall coefficient. The in-plane and out of plane magnetization 
signals extract from following formulas [37-39]. 
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   The offset voltage arises from misalignment error between the Hall bar and the contact 
pads, and non-uniformity of magnetic field and temperature. In order to eliminate the offset 
voltage, a total of eight sets of data were taken: V13, 24d, V13, 24u. The subscript u shows 
increasing the field [40, 41]. Because the planar-Hall voltage is an even function of 
magnetization M, when the Anomalous Hall voltage is an odd function of M, both can be 
separated by taking the difference or the sum of the down and up curves. 
Summary 
 
   In this chapter, we explained the fabrication and characterization methods with their 
principles as employed to study the different properties of our structures. Since the main 
objective of our work is trying to understand and minimize the switching filed distribution in 
patterned media, it is necessary to measure the dipolar interaction between patterned dots. In 
the next chapter, this effect is discussed based on modeling, simulation and experimental 
works. Moreover in last part of next chapter, the antiferromagnetically coupled bit patterned 
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   As mentioned in previous chapter, dipolar interactions have an important role to induce 
wide switching field distributions in bit patterned media. In this chapter, dipolar interactions 
on square and staggered bit patterned media with 50 nm pitch size and 30 nm dot diameter 
were investigated from fundamental point view. In addition, we have also extended this study 
to layers with antiferromagnetically coupled (AFC) structures to see the effect of AFC 
structures on the SFD in the two geometries [1, 2]. Furthermore, a systematic simulation was 
carried out to understand the effect of various parameters such as magnetic anisotropy field, 
saturation magnetization and their distribution, on the SFD of the two lateral configurations. 
3.2 Conventional vs staggered BPM configurations 
 
Bit patterned media (BPM) technology has been considered as a promising candidate to 
overcome the superparamagnetic limit faced by the current granular medium based 
perpendicular recording technology [3-6]. In BPM, the element to element variation in 
intrinsic magnetic properties will result in the widening of switching field distribution [7, 8], 
and will cause an increase in write-in-error. Different magnetic properties were observed to 
cause the spread in switching field distribution for patterned arrays [1], [7]. Many factors of 
switching field distribution have been studied such as: materials of continuous film [8], 
difference in dot size, dot shape [2], and effect of different seedlayers [9]. In addition to the 
intrinsic properties, the magnetostatic interaction will also contribute to further widening of 
SFD, especially at high densities. Therefore, SFD is one important issue to be understood and 
controlled before implementation of BPM technology. 
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Another problem in implementing BPM is the technological challenge of achieving a high 
track pitch. Conventionally, bit-patterned media at 1 Terabits per square inch (Tbpsi) will 
require dots at a pitch of 25 nm, when arranged in a square lattice. This arrangement indicates 
a track pitch of about 1000 kilo-tracks per inch (ktpi) which is about 3 times the value of 
track density in products to date. In addition, such narrow track width also requires a 
reduction in the width of the reader and writer, resulting in sensor noise and writing field 
limitation issues. A staggered lattice, which is basically a rearrangement of the conventional 
BPM by causing an offset in the neighbouring tracks, has been proposed in order to overcome 
such problems [10, 11]. 
Figure 3.1. Schematics of (a) square and (b) staggered bit patterned media (BPM). 
   Figure 3.1 shows schematics of (a) square and (b) staggered bit patterned media (BPM), 
respectively. We consider the same pitch size (D) and dot size (d) to keep constant the areal 
density for both geometries. However, the number of nearest neighbors and distance between 
dots is different in the two cases and as a result; the dipolar interaction is also expected to be 
different. 
   In staggered scheme, the writer and the reader can cover two tracks and this relaxes the 
head design requirements. It is interesting to study the SFD of magnetic dots in square and 
staggered geometries.  Figure 3.1 shows that the concerned bit in a staggered lattice has a 
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different number of nearest neighbours as compared with that in a square lattice BPM. In case 
of staggered configuration each bit is surrounded with six dots in which they have the same 
distance from central bit. However, in conventional patterned structure there are 8 bits around 
the central dot. The four dots which are allocated in cross shape have the same distance from 
centre, and other four dots in diagonal direction have longer distance from centre. Since 
dipolar interaction has an inverse proportional ratio to distance, the switching field 
distributions are different in both cases.  
    In this chapter, we have investigated the SFD of dots in square and staggered geometries to 
understand the influence of magnetostatic interaction arising from the differences in the 
nearest neighbours. 
3.3 Magnetic properties of single layer and AFC continuous media 
 
   The starting magnetic materials used for patterned media are highly exchanged coupled 
films obtained by sputtering. Material with high perpendicular magnetic anisotropy such as 
Co/Pd or CoPt multilayers were considered to obtain media with higher coercivity after 
patterning. In this chapter two types of magnetic layers such as single layer and 
antiferromagnetically coupled media were prepared by dc magnetron sputtering. In order to 
study the effect of dipolar interaction on SFD, patterned islands were fabricated for both 
media.  
 
Figure 3.2. Schematics of single layer (left) and AFC structure (right). 
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 The sputtered samples for our study were as following: (A) single layer Si substrate/Ta(5 
nm)/Ru(15 nm)/Co80Pt20(14 nm) and (B) antiferromagnetically coupled  media (AFC): Si 
substrate/Ta(5 nm)/Ru(15 nm)/Co80Pt20(14 nm)/Ru(0.8 nm)/CoCr:SiO2(3 nm). The Ta and 
Ru seedlayers help us to achieve a good perpendicular anisotropy [4]. The schematics of both 
structures are shown in figure 3.2. In addition, the Ru below CoPt layer is deposited at low 
sputtering gas pressure (1 Pa) to induce high exchange coupled magnetic domains in 
recording layer. 
    Therefore, after pattering the patterned islands have high thermal activation volume and 
can act as single magnetic islands. The Ru layer was deposited between the two recording 
layers provided the highest antiferromagnetic coupling constant at 0.8 nm. The Ta layer on 
top of recording layer is used as capping layer to protect from oxidization and corrosion of 
magnetic layers. 
 
Figure 3.3. Perpendicular hysteresis loop of single layer and AFC media.  
 
   Figure 3.3 shows the hysteresis loops of unpatterned samples. In order to achieve a single 
domain state in the dots after patterning, the films were deposited at low pressure and at room 
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temperature to induce a highly exchange coupled thin film system. As a result, the coercivity 
of the samples is not high (about 200 Oe) and all the samples have tilted magnetizations as 
can be seen from hysteresis loop with a nucleation field in the first quarter because of the 
demagnetizing field. The sample with CoCr:SiO2 layer does not show a clear kink as this 
sample does not have a large anisotropy constant to keep the moment out of plane against the 
demagnetizing field. While this may appear to be a problem based on the thin films, it will be 
shown later that this problem vanishes when the samples were patterned as the demagnetizing 
fields are negligible for patterned dots.  
3.4 SFD of conventional and staggered BPM 
 
   In order to study the effect of magnetostatic interaction on the switching field distribution 
(SFD) of nanodots,  square (conventional) and hexagonal (staggered) lattice islands were 
fabricated with a 50 nm pitch size and diameter of 30 nm by using electron beam lithography 
(EBL) method.  
 
Figure 3.4. SEM images of patterned media in (a) square lattice and (b) staggered lattice configuration 
for the dots size of 30 nm and a pitch of 50 nm. The insets show schematic of the nearest neighbor 
distances in the two geometries. 
   Figure 3.4 shows the scanning electron microscope (SEM) images of (a) square and (b) 
staggered lattice configurations, respectively which were obtained using a JEOL JSM-7401F 
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SEM. It can be seen that the pitch size and dot size for both configurations are 50 nm and 30 
nm, respectively. However, the distance between the patterned neighbours is different. In 
case of square lattice configuration the distance between two dots in different rows is 71 nm. 
On the other hand, the patterned distance in staggered lattice is 56 nm. Therefore, different 
kinds of magnetostatic interactions exist in samples and it is important to understand their 
influence on SFD. 
   Measurement of direct current demagnetization (DCD) or remanent hysteresis curves is one 
of the methods to calculate the SFD of patterned dots. For this measurement, the square and 
staggered patterned samples were saturated in large negative field (-19 kOe) direction. Then 
after, a reversal field was applied perpendicular to the sample. Magnetic force microscopy 
(MFM) images using high resolution perpendicular magnetic anisotropy MFM tips as 
mentioned in chapter 2, were carried out to measure the remanent state [1, 8]. As the applied 
field increased, the magnetizations of patterned dots start to switch. Figure 3.5 shows typical 
MFM images of the square and staggered BPM for single layer CoPt samples at 6 kOe and 
9.5 kOe over an area of 1 μm × 1 μm. These values of field roughly correspond to the 
beginning of dot reversals (represented by brown dots) and yellow (brighter) dots indicate the 
regions that were not reversed. A series of MFM images, measured at remanence after 





Figure 3.5. MFM images in square-lattice BPM at (a) 6 kOe, (b) 9.5 kOe and staggered BPM at (c) 6 
kOe, (d) 9.5 kOe reversal field for the single layer patterned media, respectively. 
 
    The DCD curves were obtained by counting the number of reversed dots from the 
magnetic force microscopy (MFM) images. The curve, thus obtained, was differentiated to 
obtain a bell-shaped curve. The full-width at half-maximum (FWHM) of this curve is denoted 
in the subsequent discussions by the symbol ∆He (experimental SFD).  Figure 3.6 shows the 
percentage of dots that reversed their magnetization at different reversal fields. It can be 
noted that the reversal starts happening at lower reversal fields for the dots in the staggered 
lattice than in the square lattice. Moreover, saturation fields for staggered and square lattices 
occur nearly from 9.5 kOe and 11 kOe, respectively. It has to be highlighted that the SFD of 




Figure 3.6. Demagnetization curves (experiment and simulation) of single layer patterned media with 
50 nm pitch for square and staggered lattices. (The inset shows schematic of the simulated patterns.) 
 
   Considering that the samples have been sputtered using a production sputtering machine 
with a good spatial homogeneity, the observed differences are affirmatively arising from the 
difference in the lateral configurations. The reason for the observed difference in SFD 
between square and staggered lattices can be understood to arise from the different 
magnetostatic interactions in the two configurations having different number of nearest 
neighbours. For the staggered structure, there are two neighbours within 50 nm distance and 
four neighbours at a distance of 56 nm. That means, within a distance of 56 nm, there are six 
nearest neighbours. Whereas, for a square lattice, there are four neighbours at 50 nm 
distances and the four next nearest neighbours are at a distance of 71 nm. Therefore, it is 
believed that the resulting dipolar interactions are different in the two configurations, 
resulting in different SFDs. In section 3.6 similar measurements were also extended to the 
media with AFC layers and their effects on SFD of both configurations. 
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3.5 Effect of AFC configuration on SFD  
 
   In order to further understand the effect of magnetostatic interactions, we investigated the 
effect of synthetic antiferromagnetically coupled (AFC) magnetic recording layers [1] as a 
method to reduce the switching field distribution of square and staggered patterned media. 
This section describes such an investigation. 
  
   It is well known that the superparamagnetism limits the magnetic data storage density. In 
2000, a new media structure namely an antiferromagnetically coupled recording medium, has 
been proposed as a way to mitigate the effects of thermal decay and to extend longitudinal 
recording technology at higher areal density [12, 13]. A schematic of synthetic perpendicular 
AFC layers is shown in figure 3.7. The AFC recording medium consists of two ferromagnetic 
layers separated by very thin non-magnetic layer such as Ru. The thicker layer and thinner 
layers are called recording layer (RL) and stabilizing layer (SL), respectively.  The 
magnetization (M) of ferromagnetic layers are aligned antiferromagnetically coupled via 
Ruderman-Kittel-Kasuya-Yosida (RKKY) like exchange interaction [15] across the Ru layer. 
In synthetic AFC media, due to the interlayer antiferromagnetic exchange coupling, the 
effective magnetic switching volume KUVeff will be in the range of KUV1 ≤ KUVeff ≤ 
KUV1+KUV2, where KUV1 and KUV2 are the anisotropy energies of the grains in recording 
layer and stabilizing layer, respectively. The effective magnetic areal moment of the AFC 
medium is Mrt=Mrt1-Mrt2, therefore by reduction of effective remanent moment, the dipolar 




Figure 3.7. A schematic of synthetic perpendicular AFC layers. t1 and Mrt1 are thickness and areal 
remanent magnetic moment of recording layer. Additionally, t2 and Mrt2 are thickness and areal 
magnetic moment of stabilizing layer, respectively.  
 
   In AFC structure, the exchange coupling constant between two layers is an important 
parameter. The antiferromagnetic exchange coupling constant J can be estimated using the 
following formula 1: [14] 
Hex= J/Mst     (3. 1) 
 





) is the antiferromagnetic interlayer exchange 
energy between two ferromagnetic layers and t is the thickness (nm) of magnetic stabilizing 
layer.  
  In order to measure exchange coupling field for AFC structure in this work, a differentiation 
from minor loop carry out. The exchange field was found 2.5 kOe and J was obtained 0.13 
(erg/cm
2
) for CoCr:SiO2 layer thickness 3 nm. 
   In order to investigate the effect of AFC layer on SFD, the AFC patterned medium was 
fabricated using the same method as the one to make single layer (CoPt) BPM. For this 
purpose, series of MFM images were taken to count the reversal dots and calculation of DCD 
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curves. Typical MFM images of the square and staggered lattice samples at 6 and 9.5 kOe 
over an area of 1 μm × 1 μm are shown in figure 3.8. Although the dots were fabricated at a 
pitch of 50 nm and the dot diameter is smaller than 50 nm, the reversed dots appear to be 
much bigger. This is because of the reduced field from the spacing between the dots as well 
as the regions where the magnetic field flows sideways to the reversed bit.  
 
Figure 3.8.MFM images in square BPM at (a) 6 kOe, (b) 9.5 kOe and staggered BPM (c) 6 kOe, (d) 
9.5 kOe reversal field for the AFC patterned media, respectively. 
 
   Figure 3.9 (a) shows the normalized magnetization taken from the number of reverse dots 
divided by the total number for the media with single layers and AFC media. It can be noted 
that the reversal starts at lower reversal fields for the dots in the staggered BPM compared 
with the case of square lattice. The width of the switching curve (SFD) obtained by 
differentiating this curve and measuring the FWHM (∆He) of this curve, is shown in figure 
3.9(b). For square lattice, the SFD is narrower and appears to be symmetric around the 
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coercive field. However, for the staggered lattice, the SFD shows broadening at smaller 
applied fields. From the fit of the derivative of the plots in figure 3.9(a) to a Gaussian 
distribution, the (SFD/Hc) were found to be 0.36 and 0.48 for the square and staggered lattice, 
respectively. 
 
Figure 3.9.SFD of patterned media with single layer and AFC structures. (a) Percentage of switched 
dots and (b) normalized SFD with 50 nm pitch for square and staggered lattices. 
 
   As mentioned earlier, the SFDs of the two structures have been investigated in the same 
samples but at two different locations. Therefore, the observed differences are mainly arising 
from the different lateral configurations which lead to different magnetostatic interactions in 
the two configurations. In order to have a better understanding about the effect of dipolar 
interactions on SFD of both configurations, we calculate the exact value of dipolar fields in 
square and staggered bit patterned media based on modeling computations as will be 
discussed in next section. 
3.6 Modeling computations of dipolar interactions 
 
   To understand the basic physics behind the experimental data on switching field 
distribution of square and staggered BPM, we have conducted a systematic modeling 
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computation. Therefore, to get the magnetization configurations for magnetic islands when 
they face an external applied magnetic field, the effective field experienced by the system 
needs to be calculated based on the following energy terms: the magneto-crystalline 
anisotropy energy, the exchange coupling energy, the Zeeman energy and dipolar energies. 
3.6.1 Magneto-Crystalline Anisotropy Energy  
 
   Due to the lattice arrangement of the ferromagnetic materials, the internal magnetization 
possesses energy minima along some directions and unstable energy maxima along other 
directions. The minimum energy axis is called ‗easy‘ axis. Magnetocrystalline anisotropy is 
the energy necessary to rotate the magnetic moment from the easy axis to the hard axis. The 
phenomenon of hard and easy axis arises from the interaction of the spin magnetic moment 
with the lattice (Spin-orbit coupling) under zero applied field, atomic dipole moments will 
tend to align along the direction which minimize the free energy of the spin. Different 
materials have different direction of easy axis. For cubic crystals, the magneto-crystalline 
energy density is given by following formula:  
Ea      
   
    
   
    
   
       
   
   
               
Where ai is the different cosines of M with respect to crystal axes, K1 is constant and much 
bigger than K0 and K2. From the equation, we can see in figure 3.10 that the cube edges are 
the easy axis of direction of magnetic moment while the body diagonals being the hard 
directions of magnetic moments. The highest energy bulges are in directions perpendicular to 
the cubic faces ([001, 010, 100]). The lowest energy dimples are along the body diagonals 
([111]). In the absence of the applied magnetic field, the magnetic moments of the particles 
tend to align themselves to the direction which makes the magnetostatic energy minimum, 
this direction is called the easy direction, briefly, and magnetic anisotropy shows how the 
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magnetic properties depend on the direction of measuring the magnetization. There are 
several types of anisotropy and the most common one is the magnetocrystalline anisotropy. 
 
Figure 3.10. Magnetocrystalline anisotropy direction in a cube lattice. 
  When single domain particles are magnetized to saturation state, the magnetization has an 
easy axis along which it prefers to stay. In this case, the total internal energy is minimum. 
Rotation of the magnetization vector away from an easy axis is possible only by applying an 
external magnetic field. Thus, the magnetic energy is direction-dependent, and this kind of 
energy is called magnetic anisotropy energy.  
3.6.2 Exchange Energy 
 
   The exchange energy tries to align the magnetic moments parallel to each other. Basically, 
this energy is originating from the quantum mechanical exchange coupling effect between 
adjacent spins. In the case of a continuous magnetization distribution, the exchange energy 
density can be written as following: 
                      (3. 3) 
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   Where J is the exchange coupling constant and S1 and S2 are the spin vectors. It can be 
noticed that the exchange energy is at a minimum while electronic spins are aligned parallel 
or anti-parallel and it depends on the details of the crystal structure (that determines the size 
and sign of the exchange integral). 
3.6.3 Zeeman Energy  
 
    Zeeman energy is the energy which refers to the energy of a magnetic moment under the 
presence of an externally applied magnetic field.  The related energy equation is as following: 
Eze = -M.H       (3. 4) 
Where H is the applied magnetic field and M is magnetic moment of structure. 
 
3.6.4 Demagnetization Energy 
 
   Normally, when a ferromagnetic material magnetized by external applied magnetic field, 
other internal field will be generating inside of magnetic volume. This field is opposite of 
external field which resists further increases in the magnetization. This opposing field is 
named the demagnetization field (Hd). Hd is proportional to the magnetization of the structure 
and is sensitive to the shape. For example, for a simple sphere, the demagnetizing field is 
given by:  
Hd= -N.M        (3. 5) 
Where N is a demagnetizing factor determined by the shape. In fact, the demagnetizing factor 




Now we can write the total energy density of each magnetic structure which is the summation 
of all the above energy terms: 
Etot = Ean + Eex + Eze + Ed   (3. 6) 
 3.6.5 Calculation of dipolar interactions for square and staggered BPM 
 
   During the discussion about switching field distribution of square and staggered media, it 
was emphasized that the dipolar interaction has an important role in the SFD. Therefore, it is 
crucial to calculate real value of dipolar interactions and compare its effect on SFD of both 
configurations. Hence, we consider dipolar field as the most important energy term from 
formula 6 for patterned islands. 
   In order to better understand the effect of different configurations and saturation 
magnetization on dipolar interaction between the bits and consequently on SFD, dipolar field 
for different configurations was calculated for different values of MS using the following 
equation [12] 
         ∑
 ( ̂    ̂  ) ̂    ̂ 
 ̂  
 
   
               
Where      is the dipolar field,    is the saturation magnetization,  ̂   is the unit vector 
pointing from dipole moment   to  , ̂  is the unit vector of moment    and   ̂   
   
 
.  
   is a ratio factor which depends on the geometry of the dots and it is a constant. The dipolar 
interaction between the bits can be calculated in two different manners. First, when all the 
magnetic bits are saturated and we have maximum dipolar interaction. Second, when 
magnetization of bits are half up and down in a symmetric system in which we have 
minimum dipolar interaction. Then by calculating the difference (simulated SFD: ∆Hs /2) 
between in these two cases, we can correlate it to the experimental SFD (=∆Hs). 
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   Figure 3.11 shows Hdip and ∆H
s
 as a function of Ms. ∆H
s
 is equivalent to the SFD arising 
from dipolar fields alone. It was observed that dipolar interaction in staggered BPM is 
stronger than square BPM (for larger values of saturation magnetization). It can also be seen 
that the rate of change of SFD with saturation magnetization for staggered lattice is higher.  
   It has to be highlighted that the calculation only considers the interaction of the concerned 
dot with the neighbouring dots but ignores the interaction between the neighbouring dots 
themselves. In addition, it must also be mentioned that the difference in the non-zero dipolar 
field when half of the dots are magnetized in opposite directions could explain the slight 
difference in the coercivity between the two samples. The additional factors for the difference 
in the coercivity could also arise from the ion-milling induced effects on switching field. 
    A point that needs to be mentioned from the applied perspective is the following: although 
staggered lattice structure may help us to improve the track density in bit patterned media 
recording, it results in a wider SFD, especially producing dots with a lower writing field than 
is possible in square lattice configuration. Therefore, adjacent bit erasure may be taken into 
consideration when choosing a staggered structure. This is a significant issue compared with 
a square lattice configuration, as the linear density of staggered patterned media will be 
double the linear density of square lattice patterned media and write-synchronization would 
be more stringent.  
   Therefore, implementation of staggered patterned media needs consideration of these 
challenges. Checker-board type patterned media, where the track direction lies on the 
diagonal of the square lattice media, may be a better alternative to overcome this problem 




Figure 3. 11. The values of dipolar field Hdip and ∆H
s
 versus saturation magnetization obtained from 
modeling of the staggered and square BPM in various magnetization states (as shown in the inset—all 
saturated or half-up, half-down). ∆Hs is the difference in Hdip between the two configurations. 
 
3.7 Micromagnetic simulation of SFD for staggered and square bit patterned media 
 
In order to further understand the effect of dipolar coupling on SFD, we also carried out 
micromagnetic simulation using a commercial software Advanced Recording Model (ARM). 
Bit patterned media for both the staggered and square configurations were simulated with a 
dot size of 30 nm, pitch of 50 nm, 14 nm in thickness and schematics of square and staggered 
bit-patterned media.  
 
Figure 3.12. Simulated square and staggered geometries with 50 nm pitch size and 30 nm dot size 
using ARM micromagnetic simulation software. 
 67 
 
   Figure 3.12 shows a simulated geometry for (a) square and (b) staggered configurations, 
respectively. After several times running simulation to achieve closer results with 
experiments, the easy axis dispersion, anisotropy field HK, saturation magnetization MS and 
exchange constant A were fixed at 4
◦
, 12 kOe, 650 emu cm
−3





respectively. The standard deviations in σMs and σHk were varied in order to fit the SFD for 
the two configurations. Best fitting as shown in figure 3.13, was obtained for σHk = 15% in 
both the samples. The simulation results as shown in figure 3. 13 also indicate that the 
difference arises from the magnetostatic interaction. 
 
Figure 3. 13. Percentage switching dots for both square and staggered lattices based on simulation and 
experimental results. 
 
   From the simulation and experimental results, it can be highlighted that the coercivity of 
media in the two configurations is different by about 500 Oe. There are a few reasons for this 
observation: (a) The MFM measurement by magnetizing the sample in a magnetometer 
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externally is an exhaustive exercise and hence the measurements were made in steps of 500 
Oe. So, one might say that the difference is not more than a data point on the x-axis. (b) Our 
modeling shows that the dipolar field (when the neighbors are with magnetization in half-up 
and half-down directions) is about 100 Oe. (c) There might still be some differences in the 
ion-milling induced damages to the boundary of the bit-elements in the two configurations, 
affecting slightly the coercivity.  
 
 
Figure 3. 14. Comparison of experimental ∆He/Hc for patterned media with single layer and AFC 
structures with 50 nm pitch for square and staggered lattices. 
 
   Figure 3.14 shows a comparison of switching field distribution (ΔHe) in single-layered and 
AFC sample cases. The ΔHe is experimental switching field measured from DCD curve. It 
means that a series of MFM images measured at remanence after applying different reversal 
fields to measure SFD. After derivation from the DCD curve, full width of half maximum is 
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as ΔHe. As we mentioned the method of calculating of ∆Hs in question 4.7, we can find that 
the ∆Hs and ΔHe are the same. 
   It can be noted the normalized SFD (∆He/Hc) obtained from the experimental data for both 
square (0.32) and staggered (0.4) lattices in the case of AFC bit patterned media are smaller 
than the single layer. Although normalized SFD of staggered BPM is still wider than 
squarelattice for both magnetic structures, AFC shows a reduced SFD [20-23]. This is due to 
the reduction in effective remanent magnetic moment in AFC structures and can help to 
minimize the dipolar interactions and SFD. 
Summary 
 
In this chapter, the effect of magnetostatic interactions on the SFD of nanodots was 
investigated experimentally using patterned media fabricated in two geometries: square and 
hexagonal lattice configurations. Micromagnetic simulation was described and a fit of 
experimental results to the simulation was made to understand the observed trends. In 
addition, magnetic layers with an antiferromagnetic coupling configuration were also studied 
in the two geometries.  
 It was observed that the SFD was wider in the staggered (hexagonal) lattice in comparison 
with that of the square lattice, explained to be arising from the difference in magnetostatic 
interaction. SFD of AFC dots was also studied as the AFC configuration can minimize the 
magnetostatic interaction. It was found that SFD is smaller in AFC patterned media in both 
the configurations due to reduced magnetostatic interactions. Based on these results, the focus 
in chapters 4 and 5 will be on our first approach to reduce the SFD by tailoring the design of 
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Chapter 4. Control of switching field distribution with antiferromagnetically coupled 




   In chapter 3, the effect of magnetostatic interaction, which is one of the several factors that 
contribute to a wider switching field distribution (SFD) in bit patterned media, was 
investigated from a fundamental point of view. Moreover, antiferromagnetically coupled 
(AFC) bit patterned media was introduced as a first approach to reduce the SFD. However, 
the details of using AFC configurations were not discussed in detail in the previous chapter.  
   As the observation of AFC state at remanence is crucial to reduce the SFD, it is necessary 
to study the conditions at which the AFC state will be observed. Therefore, in this chapter 
AFC patterned media is studied in two aspects with emphasis placed on the effect of the top 
layer coercivity, which will determine the remanent moment (Mr) and hence the dipolar 
interaction. In the first aspect, the effect of pattering is discussed on stabilizing layer with 
different granularities. On the contrary, in the second aspect the effect of patterning on the 
stabilizing layers with different magnetic anisotropy constant such as CoPt and CoCr:SiO2 
layers have been studied to achieve AFC state at remanent magnetization. 
 4.2 Antiferromagnetically coupled patterned media at remanent state 
 
   As mentioned earlier, switching field distribution is one of the critical issues for writing in 
bit patterned media for high areal densities. It is well known that the SFD arises from 
extrinsic parameters such as, variations in size, shape, position of bits which are coming from 
fabrication process, and also intrinsic parameters such as, anisotropy constant (Ku), easy axis 
dispersion, exchange, and magnetostatic interaction. With the antiferromagnetically coupled 
structure, the magnetostatic interaction can be tailored to understand and reduce SFD. In AFC 
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structure, two ferromagnetic layers are separated with nonmagnetic thin film as a spacer layer. 
In this configuration magnetization direction of thicker ferromagnetic layer (recording layer) 
is opposite to that of thinner ferromagnetic layer (stabilizing layer) [11, 12].  Figures 4.1a and 
4.1b show that schematic typical hysteresis loop of antiferromagnetically coupled and 
ferreomagnetically coupled bit patterned media at remanent state, respectively. 
 
 
Figure 4. 1. (a) Typical hysteresis loop of antiferromagnetically coupled bit media, (b) schematic of 
ferromagnetically coupled bit patterned media at remanent state. 
 
   It can be noticed that, if the exchange coupling field becomes smaller than coercivity of 
stabilizing layer after patterning, the AFC configuration may not be achieved at remanent 
state. Therefore, In order to achieve AFC at remanence, it is necessary that the exchange 
coupling field (Hex) acting on the thinner layer be greater than its coercivity [13]. 
 With this objective in our mind, antiferromagnetically coupled (AFC) patterned media were 
studied with emphasis placed on the effect of granularity on the top layer coercivity , which 
will determine the Mr and hence the magnetostatic interaction on the SFD which might lead 




4.2.1 Stabilizing layer with different granularities 
 
   Since the magnetostatic interaction is proportional to the remanent moment and writability 
is inversely proportional to the saturation magnetization, the concept of antiferromagnetically 
coupled patterned media have been proposed to minimize the SFD arising from magnetostatic 
interactions without sacrificing writability/thermal stability. In order to achieve AFC at 
remanence, it is a prerequisite that the exchange coupling field (Hex) acting on the thinner 
layer be greater than its coercively. Whereas such criterion is achieved in well-designed AFC 
media, it is also likely that this condition may not be met at certain circumstances. This is 
especially so, as it has been observed by several researchers that the coercivity of a patterned 
structure is much greater than that in the continuous film [14-17]. Therefore AFC at 
remanence may not be achieved if proper understanding is not developed. 
   In order to provide the criteria Hc<Hex and reduction in coercivity of thinner layer after 
patterning, one way is to reduce the coercivity of the stabilizing layer. The coercivity of the 
stabilizing layer can be reduced if the layer is made granular and if the grains are 
superparamagnetic. The granularity of the film in the stabilizing layer can be varied by 
varying the sputter gas pressure during the deposition. For lower pressures (less than 1 Pa), 
the film will be continuous and for pressures above 5 Pa, granularity is expected. With this 
objective, samples of the types; Si substrate/Ta(5nm)/Ru(15nm)/ CoCrPt:SiO2 (15 nm) 
/Ru(0.8 nm)/CoCrPt:SiO2 (3nm) were prepared by dc magnetron sputtering using a BPS 
Circulus M12 sputtering system as shown in figure 4.2. The Ta and Ru layers below the 
recording layers (CoCrPt:SiO2) help to induce good perpendicular anisotropy in the 
CoCrPt:SiO2 layers. The Ru layer in between the two recording layers provides the highest 
antiferromagnetic coupling constant at 0.8 nm. Unlike the conventional AFC media, where 
the thinner layer is usually at the bottom, the design investigated in this study had an inverted 
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AFC structure [13, 17].  In the inverted AFC structure, the thinner layer is at the top, which 
eliminates the growth related effects and results in a better anti-ferromagnetic coupling. The 
thickness of the CoCrPt:SiO2 bottom layer is 15 nm, and that of the top layer is 3 nm. The 
CoCrPt:SiO2 bottom layer was sputtered at a lower pressure (0.5 Pa) without additional 
oxygen, in order to obtain an exchange coupling as high as possible. But the pressure during 
the deposition of the CoCrPt:SiO2 layers at the top was varied from 0.5 Pa to 10 Pa as a way 
to control the magnetization reversal behavior of top layer grains and their coercivity.  
 
Figure 4.2. Schematic of AFC media at different top layer pressures sputtering deposition. 
4.2.2 Magnetic and crystallographic properties of thin films  
 
  Magnetic properties of top and bottom layers were measured with alternating gradient 
magnetometer (AGM). Figures 4.3 show hysteresis curves for AFC structures with different 




Figure 4.3. Hysteresis loop for AFC media with different pressures of top layer. 
 
   Antiferromagnetic coupling induced by the Ru layer and the reduction in remanent moment 
was observed in the continuous films at all pressures and the coercivity of top layer 
(stabilizing layer) for all samples at different pressures was smaller than exchange coupling 
field (Hex). This helps to keep the magnetization of the stabilizing layer in an anti-parallel 





Figure 4. 4. Differentiation curves from minor hysteresis loop. 
 
  A differentiation from minor hysteresis was taken as shown in figure 4.4. There are two 
peaks corresponding to Hc1 and Hc2. By using formulas 4.1 and 4.2, the exchange coupling 
field and coercivity of stabilizing layer were measured: 
    
       
 
                                       
   
       
 
                                        
 















) is the AF interlayer exchange energy between two ferromagnetic 
layers and t is thickness (nm) of stabilizing layer. Coercivity of stabilizing layer, exchange 
coupling field and SFD of minor loops at different pressures are summarized in table 4.1. 
   The coercivity of the top layer determined from minor hysteresis loop shown in table 4.1, 
was found to be 70 Oe and 35 Oe at deposition pressures of 0.5 Pa and 10 Pa respectively.  
However the SFD of minor loops are increased at higher pressures. This reduction of the 
coercivity and increment in SFD of top layer at high deposition pressure are mainly due to 
grain segregation leading to almost superparamagnetic state. 
Table 4. 1. Magnetic property of AFC media with stabilizing layer deposited at different pressures. 
Top layer sputtering 
pressure (Pa) 
Hc of stabilizing layer 
(Oe) 
AFC exchange field 
Hex (Oe) 
SFD of minor loop 
(stabilizing layer) 
(Oe) 
0.5 70 1210 150 
1 65 1240 160 
2 60 1330 190 
5 50 1390 200 
8 45 1500 230 
10 35 1650 310 
    
   Nevertheless, while the stabilizing layer is sputtered at high pressure (10 Pa) the magnetic 
grains sizes are reduced. Since the thickness of stabilizing layer is 3 nm, magnetic grains will 
be thermally unstable. So, in this condition it is expected the coercivity of stabilizing layer 
after patterning will be smaller than AFC exchange field and the AFC can be achieved at the 







Figure 4.5. XRD patterns for AFC media with different pressures of top layer. 
 
    Structural properties of AFC thin films were measured with x-ray diffractometer (XRD) as 
shown in figure 4.5. Two peaks with hexagonal-closed-pack (hcp. 0002) orientations were 
observed for Ru and Co layers. The schematic of hcp is shown in figure 4.6. In hcp lattice 
cell top and bottom planes have 7 atoms, forming a regular hexagon around a central atom. In 
between these planes is a half-hexagon of 3 atoms. 
    Usually, almost magnetic perpendicular media [3-5], using intermediate layers such as Ru 
and the media layer are mixed layers of an oxide (e.g. SiO2, TiO2) and a Co based hcp  
magnetic alloy [6, 7]. This is because, the Ru obtains a strong (0002) texture and enables the 
Co alloy to have its c-axis strongly oriented perpendicular to the film. Moreover, all of the 
prepared samples showed a narrow full-width at half-maximum of the rocking curve 
measured using XRD. The (00.4) peak of the recording layer (RL), had a ∆θ50 in the range of 




Figure 4.6. Schematic of hexagonal-closed-packed (hcp). 
 
   It means that the Co grains are oriented with the c-axis perpendicular to the film plane, the 
component of magnetization (M) in the perpendicular direction will be higher, and the noise 
will be lower. If the easy axes of some small grains are not oriented in the perpendicular 
direction; their magnetization can be easily reversed due to demagnetizing fields and thermal 
effects. Such grains will be a source of noise. Therefore, achieving a low value of ∆θ50 is 
crucial to minimize SFD and writing errors in BPM.  
    In addition, remanence magnetization Mr influences the magnetostatic interaction, and 
leads to a larger SFD. So if Mr is reduced, the bits will be more stable and SFD can be 
reduced. However, Mr should be chosen at a suitable value for a reasonable read signal. In the 
conventional patterned media, Mr will be reduced by reducing Ms resulting in a larger Hk, 
which will lead to writability issues. The advantage of AFC structure is providing a way to 
reduce Mr without reducing Ms. By this way, both improvement in thermal stability and 
reduction of SFD can be achieved. However, Ms of the layer will remain the same. Since Hk 
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will be reduced due to higher Ms, stability is improved without affecting the writability.  
Despite, the AFC effect may not be observed when the films are patterned, as there have been 
several observations of increase in coercivity by a huge amount (10~ 15 times) after 
patterning [18]. Therefore, it is essential to study the SFD of the patterned samples. 
  4.2.3 Patterned dots fabrication and SFDs curves of switched dots 
 
   Electron Beam Lithography was carried out with an acceleration voltage of 75 kV on 
polymethylmethacrylate (PMMA) positive resist to obtain nanodots with a diameter and 
spacing of 60 and 40 nm, respectively. Figure 4.7 shows the scanning electron microscopy 
image of bit patterned media with 100 nm pitch size. 
  In order to obtain remanent hysteresis curves for the nanodot arrays, magnetic force 
microscopy images were used to count the number of reversed dots at remanent state. For this 
measurement, the samples were saturated in one direction and then a reversal field was 
applied perpendicular to sample surface and the MFM was carried out in the remanent 
direction. 
   Figures 4.8, 4.9 and 4.10 show magnetic force microscopy images for the sample deposited 
at pressures of 1 Pa, 2 Pa and 10 Pa. It can be seen that the magnetizations of dots with 
different anisotropy fields switch at different applied fields. The occurrence of reversal at 





Figure 4.7. SEM image of the patterned magnetic medium with 60nm diameter and 100 nm pitch 




Figure 4.8. Selected MFM images at remanent states for the samples with top layer deposited at a 






Figure 4. 9. Selected MFM images at remanent states for the samples with top layer deposited at a 




Figure 4.10. Selected MFM images at remanent states for the samples with top layer deposited at a 
pressure of 10 Pa. 
 
   In the case of the antiferromagnetic coupled patterned media at deposition pressure of 1 Pa 
for top layer, the first switched dots were observed at 2.5 kOe and the saturation of the dot 
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array in the 10 μm ×10 µm scanned area was completed at around 5 kOe. A similar switching 
mechanism was observed for all samples at different pressures from 0.5 Pa to 10 Pa of Ar gas 
for deposition of top recording layer with thickness of 3 nm. 
   Figure 4.11 shows the SFD curves for AFC samples in which the top layer was deposited at 
different Ar pressures. In the case of AFC patterned media with top layer deposition pressure 
at 1 Pa, the switching of the dots started at around 3.8 kOe. The normalized SFDs were 
measured 0.24, 0.33 and 0.4 for AFC patterned films with sputtered stabilizing layers at 1 Pa, 
2 Pa and 10 Pa gas pressure, respectively. The SFD is the narrowest when the top layer was 
deposited at a pressure of 1 Pa.  
   The above result is contrary to what were expected based on patterned Co/Pd multilayers. It 
was believed that the coercivity of the thinner layer will increase after patterning and hence 
antiferromagnetic coupling may not be achieved for all the films. This is especially so for the 
film deposited at a lower pressure, because the film deposited at a lower pressure is expected 
to have highly coupled grains within a patterned island. Therefore, these islands could have a 
high coercivity after patterning, probably larger than the exchange field making it impossible 
to achieve AFC at remanence. Therefore, the SFD of sample with low pressure sputtered top 
layer (higher coercivity) was expected to be higher. Moreover, the film with top layer 
deposited at higher pressure was expected to show decoupled grains in the top layer. This will 
make them superparamagnetic and hence have a lower coercivity than the exchange field, 




Figure 4.11. SFD of patterned media with AFC structures. Percentage of switched dots (a) and 
switching field distribution (b) for dots with 60 nm diameter and 40 nm spacing. The top layer with 3 
nm thickness was deposited at different Ar-pressures. 
 
  Contrary to our expectations, the SFD in the case of CoCrPt-based samples seem to show a 
lower value at around 1 Pa, possibly because of two reasons: (i) If there is antiferromagnetic 
coupling for both low pressure and high pressure deposited thinner layer, the sample 
deposited at 1 Pa should have a lower Mrt, as the Mst of this particular layer will be larger 
than that of higher pressure samples. (ii) The increase of coercivity in patterned CoCrPt is 
different from that observed in patterned Co/Pd multilayers and hence AFC can be observed 
even for thinner layer deposited at lower pressure, resulting in a reduced Mr and lower SFD. 
This could possibly be because the CoCrPt:SiO2 based layers would have lots of defects due 
to the presence of silicon and oxygen, leading to minor increase in coercivity after patterning. 
However, in the case of Co/Pd multilayers, the defects are fewer in the continuous films and 
hence the coercivity increases drastically after patterning.  
   It will be interesting to study the effect of different top layer materials such as CoCrPt:SiO2 
and Co/Pd with low and high magnetic anisotropy constant, respectively, on AFC patterned 
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media. Therefore, in the next section the studies on the effect of different magnetic anisotropy 
constant of stabilizing layers on SFD of AFC bit patterned media are reported. 
4.3 AFC with various stabilizing layers (CoPt vs. CoCrPt)  
 
   Since the results to achieve AFC after patterning in the previous sections of this chapter 
were contrary to our prediction, we studied the effect of different material with different 
magnetic anisotropy and coercivity on stabilizing layer.  As the observation of AFC at 
remanence depends on whether exchange coupling field (Hex) is larger than the coercivity of 
stabilizing layer, it is necessary to study the conditions at which the AFC state will be 
observed. In this section, the effect of anisotropy constant of the stabilizing layer on the AFC 
state has been studied using different stabilizing layers such as CoPt and CoCr:SiO2. 
 
Figure 4.12. Layer structures of different configurations of media investigated in the study (a) Single-
layered media (b) AFC with a lower anisotropy constant stabilizing layer (SL) and (c) AFC with a 
higher anisotropy constant stabilizing layer.   
4.4 Magnetic properties of AFC structures with different stabilizing layers   
 
   Figure 4.12 shows the layer structure of the three different stabilizing layers. The following 
samples; SiO2/Ta/ Ru/CoPt(14 nm)/Ru(0.8 nm)/stabilizing layer(3 nm)/Ta(5 nm) where 
stabilizing layer (SL) is CoPt and CoCrSiO2 were prepared by dc magnetron sputtering  
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system. A sample with no stabilizing layer (single layer) was prepared as reference. Co0.8Pt0.2 
alloy was used as the recording layer. Ta and Ru layers were deposited prior to the deposition 
of the recording layer in order to achieve a perpendicular magnetic anisotropy.  
 
Figure 4.13. Hysteresis loops of unpatterned single layer AFC media with different top layers 
CoCr:SiO2, and CoPt. 
 
   Two kind of stabilizing layers with low and high coercivity such as CoCr:SiO2 and CoPt 
were used to study of effect of AFC configuration on bit patterned media. It believed that, 
because of lower coercivity for CoCr:SiO2 than CoPt, AFC can be achieved after patterning.    
   Figure 4.13 shows the hysteresis loops of the three different types of unpatterned samples. 
In order to achieve a single domain state in the dots after patterning, the films were deposited 
at low pressure and at room temperature to induce a highly exchange coupled thin film 
system. As a result, the coercivity of the samples is not high and all the samples have tilted 
hysteresis loop with nucleation field in the first quarter because of the demagnetizing field.      
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   Nevertheless, the important point to note is that the sample with CoPt stabilizing layer (SL) 
shows a clear kink at around 5.5 kOe. The sample with CoCr:SiO2 layer does not show a 
clear kink as this sample does not have a large anisotropy constant to keep the moment out of 
plane against the demagnetizing field. While this may appear to be a problem based on the 
thin films, it will be shown later that this problem vanishes when the samples were patterned 
as the demagnetizing fields are negligible for patterned dots.  
4.5 SFD curves of AFC patterned films with different stabilizing layers  
 
   The samples were patterned using electron beam lithography on hydrogen silsesquioxane 
(HSQ) as resist discussed in chapter 2. Figure 4.14 shows the SEM image of magnetic islands 
with 50 nm pitch size. MFM measurements were carried out as described before.  Figures 
4.15, 4.16 and 4.17 show typical MFM images of the AFC and single layer patterned media 
at remanence after the application of different reversal fields.  
 
Figure 4.14. SEM image magnetic patterned samples with 50 nm pitch size. 
   The brown (darker) dots indicate the magnetic regions that have reversed and the yellow 
(brighter) dots indicate the regions that were not reversed. Although the dots were fabricated 
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at a pitch of 50 nm and the dot size is smaller than 50 nm, the reversed dots appear to be 
much bigger. This is because of the reduced field from the spacing between the dots as well 
as the regions where the magnetic field flows sideways to the reversed bit. It can also be 
noticed that the dots in the single magnetic layer start switching at 4.5 kOe and that several 
dots did not switch even at 10 kOe. The behavior is similar in the media with CoPt stabilizing 
layer. However, for the media with CoCr:SiO2 the reversal start happening at 4 kOe and was 














Figure 4.17. Selected MFM images of AFC with CoCr:SiO2 top layer for 50 nm pitch and 30 nm dot 
size at remanence states. 
 
   Switching field distribution of their patterned samples is measured and it is shown in figure 
4.18. It can be seen that the number of reversed dots is increased as a function of the reversed 
field. The SFD is obtained by differentiating from the reversal dot in figure 4.18a and it is 
shown in figure 4.18b. It can be noticed that the SFD is the largest for the sample with CoPt 
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stabilizing layer and the smallest for the sample with CoCr:SiO2 stabilizing layer. The full 
width at half-maximum (FWHM) normalized by the switching field is 0.5 for the media with 
CoPt stabilizing layer and 0.32 for the media with CoCr:SiO2 stabilizing layer. These results 
indicate that the media with a stabilizing layer of lower anisotropy constant provides the 
lowest SFD.   
   This result is closer to our prediction which laid the objective of this work. When the 
stabilizing layer has a larger anisotropy constant, the stabilizing layer part of the patterned 
dots may have a larger coercivity and hence they could not couple antiferromagnetically with 
the recording layer part. Therefore, this condition would have a larger remanent magnetic 
moment than the single layered configuration. Therefore, the media with a CoPt stabilizing 
layer will have a larger SFD. On the other hand, the media with a CoCr:SiO2 stabilizing layer 
will possess an antiferromagnetically coupled configuration as the Hc of this CoCr:SiO2 
stabilizing layer will be smaller than the exchange coupling field.  
 
Figure 4.18. (a) The number of switched dots at different reversal fields for patterned single layered 
sample, AFC (CoPt) and AFC (CoCr:SiO2). (b) SFD of patterned single layered sample, AFC (CoPt) 







   In summary, in this chapter the effect of granularities of thinner layer in AFC structures and 
also AFC media with different stabilizing layers on SFD of patterned media and exchange 
coupling were investigated. With the AFC structure, the reduced remanence magnetization 
(Mr) leads to a reduced magnetostatic interaction. This is because the interactions between the 
magnetic dots in AFC patterned media can be minimized which makes each bit almost 
independent from another. It was observed that the narrowest SFD at a pressure of 1 Pa for 
top layer possibly because of good crystalline texture and reduced magnetostatic interaction. 
This result is significant, as there is a need to minimize SFD in order to minimize writing 
errors that are facing BPM technology. On the other hand it can be highlighted that SFD was 
reduced by 20% using granular type stabilizing layer (CoCr:SiO2), while only 5% reduction 
was observed when CoPt was used. This is due to the different remanent states and their 
effect on magnetostatic interaction. Moreover, AFC configuration, which reduces 
magnetostatic interaction, reduces the SFD and top layer properties indeed affect the SFD.  
   In next chapter, the effect of different exchange coupling fields will be discussed on SFD of 
AFC patterned media. It can be notice that all of SFD curves in chapters 2 and 3 were based 
on remanence curves which they were obtained by MFM measurements. This method is very 
time consuming and it can get just remanence curve for a small area of patterned dots. In 
chapters 4, In order to observe the AFC kink at remanence state, patterned dots were 
fabricated by Nano imprinting lithography (NIL) method over a large area (20 mm by 20 
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    Antiferromagnetically coupled (AFC) patterned media technology as one approach to 
reduce dipolar interactions and thus minimize the switching field distribution (SFD) in bit-
patterned media (BPM) has been investigated in chapters 2 and 3.  In chapter 4, AFC 
patterned media has been studied with emphasis placed on the effect of the top layer 
coercivity. It is noticed that achieving anti-parallel alignment of magnetic moments at 
remanence requires a large exchange coupling field (Hex), especially in patterned 
nanostructures which exhibit a large enhancement in coercivity after patterning. Therefore, 
tailoring the Hc of the stabilizing layer is important to fulfil the condition Hex> Hc . With this 
particular focus in mind in present chapter, we have investigated the magnetization   
switching of two kinds of patterned AFC structures; a multilayer such as [Co (0.4 nm)/Pd 
(0.8 nm)]×3 antiferromagnetically coupled to another [(Co (0.3 nm)/Pd(0.8)]×10  multilayers 
which is called (AFC type 1 with low exchange coupling field), and AFC structure with high 
exchange coupling field when thin Co (t nm) is antiferromagnetically coupled to [Co(0.3 
nm)/Pd(0.8 nm)]×15 multilayers (called AFC type 2). 
   The observation of PMA in two above mentioned types of complex structures is mainly 
because of an antiferromagnetic coupling which causes a spin reorientation transition from 
in-plane direction to out- of- plane direction [1].
 
Therefore, we tried to understand the spin 
reorientation transition in these structures from a fundamental point of view before studying 




   In previous chapter, our studies of magnetization reversal were based on MFM 
measurements at remanence state, which do not give a quantified evaluation of Hex 
magnitude after patterning [2, 3]. In order to compare Hex and Hc meaningfully, it is 
necessary to study magnetization reversal by measuring the full hysteresis loops. As the 
conventional magnetometeric techniques such as alternating gradient force magnetometer or 
vibrating sample magnetometer require samples larger than 3 mm or 7 mm, respectively, it is 
necessary to prepare a large coupon sample to study the SFD of the patterned dots. In order to 
get full hysteresis loop of patterned films in this chapter, nanoimprint lithography (NIL) is 
employed to fabricate magnetic nanostructures over large area 2 cm by 2 cm. 
5.2 AFC configurations with low exchange coupling field (type1) 
 
   Nowadays, the physics and applications of ultrathin multilayers including thin 
ferromagnetic and nonmagnetic layers have been studied extensively. The competitions 
between magnetic energies such as magnetostatic, interface anisotropy, bulk anisotropy and 
exchange energies in multilayers are crucial challenges to induce perpendicular 
magnetization direction in multilayer systems. Perpendicular magnetic anisotropy (PMA) in 
the Co/Pd multilayer systems was first observed in 1985 by Carcia et al. [4] and later on in 
several other Co-based multilayers such as: Co/Pt [5], Co/Au [6], Co/Ru [7] and Co/Ir [8].  
Since the thickness of Co layer has an important role to induce PMA in multilayers, it is 
observed that when the Co thick layer in a multilayer system become thicker (above certain 
thickness), the effects of volume anisotropy can dominate the interface anisotropy. Therefore, 
at this condition magnetization direction can change from perpendicular to in plane direction 
of the film surface [9, 10].  
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   Several approaches are studied to induce PMA in thick Co layer.  The observation of PMA 
was limited to Co sublayer thickness below 0.8 nm in the multilayer structure; in fact, in most 
cases below 0.6 nm. Beyond this thickness, the demagnetizing field dominates over the 
surface anisotropy, resulting in the loss of PMA. Such films with thinner Co layers (0.3-0.6 
nm) are still extensively studied for magnetic data storage applications and spintronics 
devices [11-18]. 
   It was observed that spin reorientation transition is helpful to induce a perpendicular 
magnetic anisotropy in both thin film and patterned film by Sbiaa et al [1]. By using AFC 
configuration in multilayers system, the spin reorientation transition can be achieved even in 
thicker Co layer.  Thus in this chapter, the concept of spin reorientation is  utilized to induce 
the low and high exchange coupling filed in AFC structures based on Co/Pd multilayers and 
their effects on SFD of patterned films. 
   Although AFC was demonstrated in CoCrPt:Oxide for patterned media application, Co/Pd 
multilayers are other candidates to achieve single domain magnetic dots [14-16]. However, 
achieving AFC configuration is challenging in Co/Pd multilayers based patterned media. The 
typical Hex values are in the order of 1 to 2 kOe, whereas the coercivity of patterned Co/Pd 
multilayers is as high as 7 to 13 kOe [19, 20-22].
 
Under this circumstance, it is expected that 
the recording layer  as well as the stabilizing layer  will be oriented in the same direction at 
remanence. To overcome this challenge, there is a need to find out suitable materials or 
methods to achieve Hex>Hc. In the section 5.2, we attempted to have lower Hc of stabilizing 
layer by increasing the thickness of Co in the Co/Pd multilayer.  
   In order to study the effect of low Hex field of AFC structures on SFD, AFC1 structures 
were deposited at room temperature using dc magnetron sputtering system. Thin films of the 
type AFC1 is: Si substrate/Ta (5 nm)/Cu(5 nm)/Pd(3 nm)/[Co (0.3 nm)/Pd (0.8 nm)]×10 
/Ru(0.8 nm)/[Co(t nm)/Pd(0.8 nm)]×3 /Pd(3 nm)/Ta (3 nm). The thickness of Co in (Co/Pd)x3 
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was varied from 0.4 to 1.4  nm. The Ta, Cu and Pd layers below the first Co layer help to 
achieve a fcc (111) texture in the layers above. The schematic of AFC1 structures is shown in 
figure 5.1 
 Figure 5.1. Schematic of AFC structured Co/Pd multilayers (type1). 
   Co/Pd multilayers with 3-bilayers (Co/Pd)×3 that were antiferromagnetically coupled to 
(Co/Pd)×10 were fabricated and their magnetic properties were investigated.  
5.2.1 Magnetic properties of AFC thin films (type 1) 
 
  Alternating gradient magnetometer (AGM) is utilized to characterize the magnetic 
properties of AFC1 thin films.  Figure 5.2 shows the perpendicular hysteresis loops of AFC1 
structures with different thickness of Co sublayer. It was noticed that the AFC is clearly 
observed for all values of Co thickness up to 1 nm. The minor loops of these films were also 
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shown and represented by dotted lines. For t > 1 nm, the minor loop is not observed, 
indicating the absence of PMA. The observation of slope in the field range of 2-4 kOe, 
further confirms that there is no PMA for t > 1nm.  
  It can also be noticed that there is a PMA even when the Co sublayers had a thickness of 1 
nm. This is quite surprising as there is no prior observation of PMA for such large values of 
sublayer thickness. While PMA has been reported only below 0.6 nm of Co thickness by Shin 
et al. [24] PMA has been reported for 0.82 nm thick Co layer by Lee et al [23]. However, in 
the samples of Lee et al., the loop was tilted and the squareness was only around 0.5, 
indicating that the PMA is not strong with an in-plane component of magnetization. In our 
films, however, the reversal of magnetization is quite sharp even at t=1 nm, indicating a 
strong PMA. It is postulated that the observation of PMA arises from the antiferromagnetic 
coupling between the recording layer and the stabilizing layer.  
Although this result is very interesting, further discussion is postponed for a while and the 
attention is paid at first on the potential of the structures towards AFC patterned media 
applications.  
    Figure 5.3 shows the coercivity (Hc) and exchange field (Hex) of [Co (t)/Pd(0.8 nm)]3 in 
AFC multilayers with 0.4 nm to 1 nm thick Co layer. As the thickness of Co layer increases 
from 0.4 nm to 1 nm, the coercivity field from minor loops is reduced from 490 Oe to 120 Oe 
as reported [25].
 
The exchange field also was reduced from 1050 Oe to 310 Oe. However, 
this decrease of Hex with Co thickness is mainly due to the fact that the Hex is inversely 
proportional to  Ms×t. The AFC type1 samples were not designed to have same Ms×t in the 
stabilizing layers. It is reasonably straightforward to say that the Hex values will be identical 
if the samples were designed to have same value of Ms×t by varying the number of bilayers. 





). Such a design will be more practical for patterned media application in achieving a 
suitable signal from the media. Nonetheless, these results indicate that AFC patterned media 
based on Co/Pd multilayers can be achieved by designing the stabilizing layer with thicker 
Co sublayers. 
 
Figure 5.2. Major (solid lines) and minor (dotted lines) out-of-plane hysteresis loops of 





Figure 5.3. Exchange coupling field (Hex) and coercivity field (Hc) versus Co thickness field for AFC 
system (type1).  
 
   In order to further understand if the perpendicular orientation and the exchange field were 
observed due to antiferromagnetic coupling or to the effect of seed layers, a set of thin film 
samples Ta (5 nm)/ Pd(10 nm)/ [Co(t nm)/Pd(0.8 nm)]3 /Pd(3 nm)/Ta (3 nm) were deposited 
as a single layer type1. These structures are identical to the stabilizing layer in AFC type1, 
without antiferromagnetic coupling. An illustration of single layers structure type1 is shown 




Figure 5.4. Schematic of sample structures single layers type1 as reference Co/Pd multilayers without 
AFC (type1). 
 
5.2.2 Magnetic properties of single layers (type1) 
 
   The out of plane and in-plane magnetizations of single layers type1 were measured with 
AGM. Figure 5.5 shows the hysteresis loops of these samples. It can be seen that the samples 
with 0.4 nm thick Co show a perpendicular hysteresis loop and those with 0.8 nm to 1.4 nm 
thick Co show in-plane hysteresis loops. At t of 0.6 nm, the in-plane and perpendicular loops 
look almost identical, indicating the onset of a loss of PMA.  The PMA in thin Co layers (0.4 
nm) has been well understood to be arising from surface anisotropy. However, for Co 
thickness of 0.8 nm, the out of plane component of magnetization decreases due to a 
domination of volume magnetic anisotropy in comparison to surface anisotropy. Such a result 
is quite well known in Co/Pd multilayers and is arising from the decrease of interface 
anisotropy and the dominance of dipolar energy in films with thicker sublayers. Although 
AFC1 samples with a Co thickness of 0.8 nm in the bilayer showed a perpendicular magnetic 
anisotropy, the magnetization direction of single Co/Pd multilayers with thick Co (0.8 nm) as 
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a reference structure (without AFC1) was observed to be in plane. Therefore, by comparing 
the results of figure 5.2 and figure 5.5, it can be highlighted that the Co/Pd multilayers with 
0.8 nm Co acquire a perpendicular anisotropy due to the additional energy from 
antiferromagnetic coupling with the hard magnetic layer.  
 
 
Figure 5.5. Out-of-plane and in-plane hysteresis loops of single layers [Co(t)/Pd(0.8 nm)]×3 with 0.4 
nm to 1.4 nm thick Co layer. 
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   In order to understand the changes in the coercivity and exchange field as a function of Co 
thickness in [Co(t nm)/Pd(0.8 nm)]×3, an estimation of anisotropy constant values were made 
in unpatterned thin films without AFC coupling. It is well understood that the perpendicular 
magnetic anisotropy energy Ku in (Co/Pd) multilayers system is the result of the competition 
between the demagnetization energy and the interface anisotropy energy. The Ku in these 
systems can be described by the following formula [26, 27]:  
       
          
 
     
                    5.1 
Where    is volume anisotropy energy density, which is negligible,           is the interface 
anisotropy density,   and Ms are the thickness and saturation magnetization of [Co(t 
nm)/Pd(0.8 nm)]×3, respectively. The negative or positive sign of    imply in-plane or out of 
plane anisotropy respectively.    can be experimentally obtained from M-H loops by 
comparing the difference of energy to saturate the film along in-plane and out of plane 
directions as indicated by equation 5.2 [26].
 






   Where Hin and Hout are in-plane and out-of-plane magnetic fields, respectively. The µ0 
  
is 
permeability which is the degree of magnetization that a material obtains in response to an 
applied magnetic field.  The value of µ0 is 4 ×10
−7
 ≈ 1.2566370614…×10−6 H·m−1 or N·A−2.  
In order to measure out of plane and in-plane energies, an integration has been carried out 
from both M-H loops. The net area from hysteresis loops was calculated. Then, difference 
between both areas is magnetic anisotropy energy. 
   
    
Figure 5.6 shows the    and Ms values of reference structures [Co(t nm)/Pd(0.8 nm)]x3, 
without the (Co/Pd)10 bilayers. It can be seen that by increasing the thickness of Co from 0.4 
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nm to 1.4 nm, the saturation magnetization is increased from 344 emu/cc to 760 emu/cc and 
   is reduced from 2.5×10
6
 erg/cc to -0.27×10
6
 erg/cc. This result explains the lack of PMA 
in reference sample with t = 0.8 nm. In the AFC samples, it may be postulated that the energy 
from the antiferromagnetic coupling between the [Co/Pd]10 and the [Co/Pd]3 helps to align 
the easy axis in the perpendicular direction for thick Co 0.8 nm layer, as per the following 
relation: 
            
          
 
     
            
Where KAFC is the additional term arising from the antiferromagnetic coupling. Although, the 
exact form of KAFC needs to be derived after a detailed analysis, it is most likely proportional 
to J – the antiferromagnetic coupling constant and inversely proportional to thickness, t.  
 
Figure 5.6. Anisotropy constant (     and saturation magnetization (Ms) values of (Cot=0.4, 0.6, 0.8,1, 1.2, 1.4 
nm /Pd0.8 nm)3 structures. 
   Another point that can be highlighted by comparing the observations from figure 5.2 and 
figure 5.5 is the following: Ms for the film with t=1.2 nm Co thick layer is around 600 
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emu/cc. When the magnetization is oriented in-plane, the perpendicular hysteresis loop will 
saturate at 4. .Ms, which is about 7.6 kOe. In fact, in figure 5.5, the saturation field of such a 
film in the perpendicular direction is observed at field of about 10 kOe. In contrast, the slope 
in the hysteresis loop of AFC structure with t=1.2 nm vanishes at a saturating field below 4 
kOe. This seems to indicate that the AFC sample with t=1.2 nm may have a weak 
perpendicular anisotropy.  
5.2.3 Crystallographic properties 
 
   XRD results of AFC1 thin films are shown in figure 5.7. From XRD measurements only 
one clear peak at around 40.92° was observed for the entire AFC multilayer which is an 
indication of the growth of fcc (111) of CoPd. There was no change in the fcc (111) peak 
position by increasing the thickness of Co layers. Furthermore, rocking curve scans were 
carried out to measure the full width at half maximum (FWHM) of (Co/Pd) multilayers peaks 
and it was found to be in the range of 4 to 5° indicating that the crystallographic growth of 
the (Co/Pd) multilayers was not affected. 
 
Figure 5.7. XRD patterns of AFC1 thin films. 
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    The results indicated that the observation of AFC configuration in Co/Pd multilayers for 
Co sublayer thickness of 1 nm is based on magnetic origin. Therefore, AFC could help to 
induce spin reorientation from in plane direction to perpendicular direction at 1 nm Co thick 
layer. 
   Before discussion on the effect of low exchange coupling field in AFC1 samples on SFD of 
patterned films, we introduce the other type of AFC 2 structures with high exchange coupling 
field in section 5.3. Then, the effect of pattering for both AFC1 and AFC 2 will be discussed 
in section 5.4. 
5.3 High AFC exchange coupling field structures (type 2) 
 
   In order to achieve AFC after patterning, it is important to have higher antiferromagnetic 
exchange coupling field (Hex) than the coercivity of stabilizing layer. Therefore, materials 
which show a high Hex are desired. In this section, other type of AFC structures with high 
exchange coupling field fabricated.  
   AFC thin films (type2) were deposited using dc magnetron sputtering system at 1.5 mTorr 
Ar pressure on thermally oxidized Si (100) substrates. The base pressure prior to the 
deposition was below 5×10
-9
 Torr. The samples had a structure of Ta (5 nm)/Cu(5 nm)/Pd(3 
nm)/Co(t)/Ru(0.8 nm)/ Co(0.5 nm)/[Co(0.3 nm)/Pd(0.8 nm)]×15/Pd(3 nm)/Ta (3 nm). The 
thickness, t was varied from 0.75 nm to 2.4 nm and a schematic of the film structures is 





Figure 5.8. Schematic illustration of AFC (type2) structures with different thickness of Co thin film 
(0-2.4 nm). 
5.3.1 Magnetic properties of AFC and single layers thin films (type2) 
 
   Figure 5.9 shows the perpendicular hysteresis loops of exchange coupled AFC 2 structures 
with different thickness of Co bottom layer as measured by AGM. A very high exchange 
coupling field of 15 kOe can be observed for 0.75 nm thick Co. With the increase of Co 
thickness to 1 nm, the exchange field reduces to a value of about 10 kOe. For relatively high 
values of Co thickness (e.g., 2.4 nm), no antiferromagnetic exchange coupling was observed. 
These results are, to some extent, very similar to Sbiaa et al. [1] observations where—at Co 
thickness of 1nm—they reported magnetization reorientation of Co magnetization from in 
plane to out of plane direction. For a Co layer thickness of about 2.4 nm, no magnetization 
reorientation could be observed. While the reversal characteristics of the 1 nm Co layer is 
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very similar to that in earlier work, the obvious difference in the present study is the sharp 
magnetization reversal characteristics of the 0.75 nm Co layer. 
   In order to understand this effect further, thin film samples of the type Ta (5 nm)/Cu(5 
nm)/Pd(3 nm)/Co(t)/Ru(0.8 nm)/Pd(3 nm)/Ta (3 nm) were made. The schematic of single 
layers (type2) is shown in figure 5.10. 
 This sample structure, without the complexity of the multilayers on the top, helps to 
understand the anisotropy of the thin Co layer per se. Figure 5.11 shows the hysteresis loops 






Figure 5.9.  Hysteresis loops of AFC multilayer systems (type2).  
  It can be seen that the single layer samples (type2) with 0.75 nm thick Co show a 





Figure 5.10. Schematic illustration of single layer structures (type2) with different thickness of Co 
thin film (0-2.4 nm).   
 
   Table 5.1 summarizes the switching field distribution, as measured from the width of the 
peaks in differentiated M-H loops. It can be noticed that the SFD increases from 0.6 kOe for t 
of 0.75 nm to a value of 1.6 kOe for t larger than 0.9 nm. While the SFD in our earlier work is 
as high as 1.6 kOe, the relatively sharp switching and a large exchange coupling in 0.75 nm 
was not observed. It can be noticed that the sample with tCo (0.75 nm) shows a PMA with a 
narrow SFD (as seen from Table 5.1), possibly induced by a contribution of surface and 
magneto-crystalline anisotropy arising from the Pd(111) seedlayer below. The PMA vanishes 
for thickness greater than 0.9 nm, and the films show in-plane magnetization orientation. The 
SFD of the films greater than 0.9 nm is larger in the perpendicular direction and narrower in 







Table 5. 1. Switching field distribution, as measured by the full width at half-maximum of the 
derivatives of the M-H loops Co layers in perpendicular and in-plane magnetization direction, in 









Figure 5.11. Out of plane and in-plane magnetizations of Co thin film with thickness of (a) 0.75 nm, 
(b) 0.8 nm, (c) 0.9 nm, and (d) 1 nm, respectively. 
    
   The following discussion can be made from the results shown in figures 5.9 and 5.11. In the 
AFC2 multilayers, the Co layer at the bottom has a texture-induced PMA for a maximum 
thickness of about 0.85 nm. The bottom layer is antiferromagnetically coupled to the top 
 Switching Field Distribution (kOe) 




0.75 0.6 0.35 2 
0.9 0.6 1 0.37 
1 1.6 2.2 0.37 
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Co/Pd multilayer through the Ru layer, as shown in several other studies [2, 3, 28]. For the 
films with a Co layer thickness of 0.9 and 1 nm, the PMA is mainly due to the 
antiferromagnetic coupling which causes a spin reorientation. As the sample has a PMA until 
1 nm due to AFC or crystallographic texture, an exchange field can be observed until 1 nm. 
      For too large values of Co layer thickness (~2.4 nm), the antiferromagnetic coupling is 
not strong enough to cause reorientation, and hence, the magnetization simply lies in the film-
plane in the absence of an external magnetic field.  
5.3.2 Spin reorientation versus surface anisotropy 
 
  In order to further illustrate the physics behind our observation, we defined three regions 
corresponding to the different behavior of bottom Co layer which itself is dependent on the 
thicknesses of Co layer. Figure 5.12 shows the values of Hex as a function of thickness of the 
bottom Co layer. The Hex shows a steady decrease until a thickness of about 1 nm, beyond 
which the exchange coupling cannot be observed. In region (I), Co thin layer (in the thickness 
range up to 0.8 nm) has a PMA due to interface effects and is antiferromagnetically coupled 
to (Co/Pd) multilayer. In region (II), where the bottom Co layer thickness is between 0.9 nm 
and 1.2 nm, the magnetization of the film as such had no PMA due to crystallographic texture 
but was reoriented due to the antiferromagnetic coupling with the Co/Pd multilayers on the 
top. In the third region, for large values (>1.2 nm) of thickness, Hex vanishes due to the in-
plane orientation of the Co layer. This result is in contrast with the case of conventional 
AFC1 system, where the value of Hex decreases monotonically as a function of thickness. 
Another interesting point to notice from this study is that the value of Hex in the AFC 2 




Figure 5.12. Exchange coupling field (Hex) versus Co thickness field for AFC 2 system in this study 
and  AFC 1 system. 
 
   As the value of Hex increases inversely proportional to the thickness, it is meaningful to 
look at the value of exchange coupling energy J. In our samples, J was found to be close to 
1.24 erg/cm
2
 for a sample with 0.75 nm thick Co layer. In the case of longitudinal recording 
media, an increase of J from 0.08 to 0.32 erg/cm
2
 has been reported by the introduction of 
thin Co layers at the Ru interface [28-30]. In the case of perpendicular media with 
antiferromagnetically coupled configuration, J was found to be in the range of 0.2 to 0.44 
erg/cm. In the pioneering work on oscillatory coupling in Co/Ru/Co, Parkin et al. have 
reported a value of J of about 5 erg/cm
2
. From the hysteresis loops plotted in figure 5.13, a 
saturation field of about 14 kOe for 2.4 nm thick Co layer can be observed. Using the method 
of Parkin et al., this yields a J value of 4.7 erg/cm
2





Figure 5.13. M-H loop of complete AFC 2 system with 2.4 nm thick Co layer and only 2.4 nm Co 
layer without Co/Pd as a single layer type2. 
 
   In order to confirm if this high value of saturation field is due to AF coupling, hysteresis 
loop of 2.4 nm Co layer without Co/Pd multilayers was measured by AGM for comparison. 
Figure 5.13 shows the hysteresis loops for the two cases. A saturation field of 9.7 kOe was 
observed for single Co layer which is smaller compared to the case (14 kOe) when it is 
exchange coupled antiferromagnetically to (Co/Pd) multilayer. This result is in contrast to 
what was observed in case of two ferromagnetically coupled layers [32, 33]. In the case of 
two magnetic layers that were coupled ferromagnetically, the saturation field was lower as 
compared to a single layer. These results indicate that the difference of 4.3 kOe is the 
magnitude of field needed to overcome the antiferromagnetic coupling.  
 116 
 
5.3.3 Structural characterization  
 
   In order to further confirm that the differences in the crystallographic structure for different 
thickness of Co layers are not the cause of the observed phenomenon, rocking curves were 
measured by XRD as shown in figure 5. 14a. The full width at half maximum (FWHM) was 




 (shown in Fig. 5.14(b)) indicating that the crystallographic 
growth of the (Co/Pd) multilayer was not affected. The absence of any significant trend with 
Co thickness (0.9–1.2 nm) indicates that the reorientation is essentially magnetic in origin. 
 
Figure 5.14. (a) X-ray θ-2θ scan of AFC2 with thickness of Co thin film 0.75nm and 2.4 nm, (b) 
FWHM of Co (FCC:111) peak for complete AFC2 multilayer. 
 
5.3.4 Angular dependency of coercivity and temperature dependency of Hex for AFC 2 
films 
 
   Angle dependence of perpendicular coercivity was measured for AFC2 thin films with 
different Co thickness, and it was observed that the coercivity increases with the angle 
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between magnetization and applied magnetic field  (shown in figure 5.15). This behavior 
indicated that the magnetization reversal in these films is due to domain wall motions. In 
order to understand the interlayer exchange coupling further, the temperature dependency of 
magnetization in AFC2 structures with different Co thickness film thicknesses (0.75 nm and 
2.4 nm) was studied using superconducting quantum interference device (SQUID). The 
minor loops of these samples were measured with field increment of 150 Oe at different 
temperatures ranging from 5 K to 300 K as shown in figures 5.16(a) and 5.16(b). It can be 
noticed that the sample with 0.75 nm Co, in general, switches in a narrower range of field, 
indicating spin reorientation.  
 
 
Figure 5.15. Variation of coercivity as a function of applied magnetic field direction in AFC2 




Figure 5.16. Magnetization of AFC2 multilayer system with (a) Co film of 0.75nm in thickness and 
(b) Co film with 2.4 nm in thickness measured at different temperatures ranging from 5K to 300 K. 
 
   On the other hand, the sample with 2.4 nm thick Co does not show a reversal at all 
temperatures, indicating the absence of spin reorientation even at 5K. For sample with 0.75 
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nm thick Co layer, the measured FWHM of the derivative of M-H loop (SFD) is 0.51 kOe at 
300 K and 0.89 kOe at 5 K. This is attributed to the increase of saturation magnetization at 
reduced temperatures [34]. It can also be seen from figure 5.16(a) that the exchange coupling 
field of a complex structure with 0.75 nm Co thin film increases to 17.2 kOe at 5 K. The 
enhancement in Hex (as temperature decreases) may arise from an increase in J or a decrease 
in Ms. However, our measurements indicated an increase of saturation magnetization of Co, 
as reported by Gong et al.,[35] from about 800 emu/cc at 300 K to about 1300 emu/cc at 5 K.  
   Therefore, the increase in Hex is expected to arise from an increase in J. The value of 
exchange coupling energy J, calculated using the experimentally measured values of Ms, Hex, 
and t shows an increase from 1.22 erg/cm
2
 at room temperature to 2 erg/cm
2
 at 5K. 
Moreover, it was observed that the saturation field increases from 13.6 kOe and 15.11 kOe at 
room temperature to 18.1 kOe and 18.25 kOe at 5K for a multilayer system with 2.4 nm and 
0.75 nm Co thin film, respectively. These enhancements of saturation field for the films 
indicate that a large interlayer coupling is induced between ferromagnetic layers [35, 36]. 
    
5.4 Magnetic properties of patterned films 
 
   As the main objective of this chapter is to understand the effect of low exchange coupling 
fields and the remanent magnetization on the SFD, patterned magnetic nanostructures over a 
large area (20 mm by 20 mm) were fabricated with nano imprinting lithography method. For 
the fabrication of nanostructures, the magnetic films were coated with a UV resist and 
imprinted using a positive nano-imprinting process described in section (3.4). The patterns 
from the mold that had holes with a diameter of 200 nm at 400 nm pitch were transferred to 
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the magnetic films using reactive-ion etching and ion-milling. Figure 5.17 shows the atomic 
force microscopy (AFM) image from magnetic nanostructures. 
 
Figure 5.17. Atomic force microscopy image (AFM) of magnetic nanostructures with 400 nm pitch 
size and 200 nm diameter, respectively. 
 
   The patterned nanostructures were characterized using alternating gradient magnetometer, 
and atomic force microscopy. The details of magnetic properties and SFD of both AFC1 and 
AFC2 nanostructures will be discussed in section 5.4 and 5.5, respectively. 
 
5.4.1 M-H loops of nanostructures with low exchange coupling field 
 
   The magnetic nanostructures of AFC1 samples were also characterized using AGM. Figure 
5.18 shows the hysteresis loops of the patterned films of (Co/Pd)10 multilayers as reference 
sample, AFC1 multilayers with Co thickness ranging from 0.4 nm to 1.4 nm. The coercivity 
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values of the patterned samples are higher than those in thin films. This can be understood to 
be arising from the possible reduction of nucleation sites with lower reversal fields due to 
patterning. In continuous films, the magnetization reversal nucleates at sites with lower 
anisotropy and progresses in a rapid sweep of domain wall. In the case of patterned films, the 
patterning process removes several of such nucleation sites, resulting in an increased 
coercivity.         
    AGM was also used to measure the minor loops as shown in figure 5.19 to understand 
more about the reversal of [Co (t nm)/Pd(0.8 nm)]×3. It can be noticed that the minor loop 
coercivity of sample with 0.4 nm Co is much larger and that the kink is observed in the 
second quadrant. No reduction in the Mr×t is observed for t=0.4 nm. On the other hand, for 1 
nm thick Co, the minor loop coercivity is much lower and a kink is observed in the first 
quadrant. As mentioned earlier, for a suitable Ms×t of the stabilizing layer, the kink would be 
further moved to the right side of the first quadrant. These results indicate that AFC patterned 
Co/Pd multilayers can be prepared with thicker Co sublayers in the stabilizing layer.  
   In other respects, the coercivity of the samples with 1 nm Co is not significantly enhanced 
even after patterning. In these samples, the Hex (255 Oe) is slightly larger than Hc (240 Oe), 
even after patterning. Although the nucleation of (Co/Pd)×3 occurs in the first quadrant, the 
remanent moment is not significantly reduced due to the switching field distribution. 
However, this is not a serious disadvantage, as significant reduction of Mr can be achieved 
using Co layers with t= 1 nm, by using only 2 bilayers instead of 3. As Hex is inversely 
proportional to the thickness, reducing the bilayers from 3 to 2, can help to achieve a larger 
Hex and an antiferromagnetically coupled remanent moment configuration.  
   Figure 5.19 shows the coercivity and exchange field obtained from the minor loop. It can be 
noticed that the Hc decreases from about 4000 Oe to about 200 Oe. Moreover, coercivity of 
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the thinner layer, especially in samples with 0.4 nm thick Co, increases significantly after 
patterning. At the same time, patterning also reduces Hex. This leads to a situation where Hex< 
Hc, where there is no antiparallel alignment of moments at remanence. These results confirm 
the hypothesis with which this work was initiated. In the case of AFC patterned media, such 
an increase of Hc (together with the decrease of Hex) invalidates the benefit of AFC.  
 
Figure 5.18. Hysteresis loops of thin film and patterned films of Co/Pd multi layers and AFC1-Co/Pd 




Figure 5.19. Minor hysteresis loops of thin film and patterned films of Co/Pd multi layers and AFC1-
Co/Pd multilayers with Co thickness from 0.6 nm to 1 nm. 
 
 
Figure 5.20. Hex and Hc of minor loops from AFC1 patterned samples as a function of thickness of Co 
sublayer in the stabilizing layer. 
Another observation that can be made from figure 5.20 is that the coercivity of the minor 
loops in nanostructured samples reduces with the increase in Co sublayer thickness. Such a 
decrease of coercivity can be explained by the reduction in the anisotropy of the (Co/Pd)×3 
multilayers.  The key highlight of figure 5.19 is that the Hc reduces to a value lower than Hex 
with an increase of t. It has to be mentioned that the Hex in this sample can be further 
increased if the number of bilayers is reduced to 2. These results indicate that the AFC 
configuration at remanence can be tailored in patterned media with Co/Pd multilayers. 
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 5.4.2 M-H loops of AFC2 nanostructures with high exchange coupling field 
 
   The magnetic properties of AFC2 patterned samples with high exchange coupling filed 
were also measured by AGM. Figure 5.21a shows the hysteresis loops of the thin films and 
the patterned films (Co (0.3 nm)/Pd (0.8 nm)]×15 multilayers without exchange layer as a 
reference structure , and figure 5.23 (b-d) show M-H loop of thin film and  AFC2 patterned 
samples with 0.75 nm to 2.4 nm thick Co layer. It can be seen that the values of the coercivity 
of the patterned samples are higher than those in thin films. As mentioned earlier, this 
increment in coercivity of patterned films can be understood to be arising from the possible 
reduction of nucleation sites with lower reversal fields due to patterning.
 
   
It was expected that after patterning the films, demagnetizing field will be reduced and Hex 
increased.
 
However, surprisingly, Hex remained at about 15 kOe, even after patterning of 
AFC2 with 0.75 nm thick Co layer. This is understood to be arising from competing effects 
from patterning which reduces the demagnetization field, and at the same time, the ion 
milling process which reduces J. With an increase of Co thickness, Hex decreased as expected 






Figure 5.21. M-H loops of the thin films and the patterned samples a) for (Co/Pd)15 multilayers 
without AFC2 configuration as a reference layer, AFC2  structures with thick b) 0.75 nm, c)0.9 nm 
and d) 2.4 nm Co layer, respectively. 
 
  As the main objective of the work is to understand the effect of Hex on the SFD of patterned 
films, the derivative of the hysteresis loop of AFC1 and AFC2 patterned films was used to 
measure SFD. The details of SFDs study in section 5.5. 
5.5 Measurement of SFD curves 
 
   Figure 5.22 shows normalized SFD of (Co/Pd)×15 without exchange coupling layer, (AFC2) 
composed of  (Co/Pd)×15  multilayers coupled with 0.75 nm and 2.4 nm thick Co layer. It can 
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be noticed that the SFD of 0.24 is the smallest for the AFC2 structure with 0.75 nm thick Co 
layer.   These results indicate that the media with a high Hex provides lower SFD. This result 
is closer to our prediction which laid the objective of this work. When the exchange coupling 
field is larger than the coercivity after pattering, the magnetization of stabilizing layer can be 
antiferromagnetically coupled with the recording layer. Therefore, the AFC2 media with 0.75 
nm thick Co stabilizing layer that possesses an antiferromagnetically coupled configuration at 
remanence provides the lowest SFD.   
  In addition, reduction in SFD by 22.5% in AFC1 patterned film can be related to antiparallel 
alignment at remanence state which reduces dipolar interactions. However, no reduction in 
the remanent magnetization is observed in AFC2 patterned structure. It was found that 
achieving the antiferromagnetically coupled configuration at remanence plays an important 
role in minimizing the SFD. The high Hex can be used for AFC bit patterned media and 
magnetic memory. 
   Another interesting observation can be made from figure 5.23, which shows the trend of 
Hex as a function of thickness in stabilizing layer. The trend of Hex in the AFC2 
nanostructures is almost same as in thin films. The AFC2 structure shows a large Hex for t 
less equal to 1.2 nm (region I), beyond which (region II), no exchange coupling can be 
observed (Hex ~0), in the case of both thin film and patterned samples. This can be explained 
as a consequence of the lack of spin-orientation in films with thicker Co layers [39].  In other 
ways, the AFC1 structure shows a decrease of Hex with t, as per the relation Hex = J/MS×t. 
These results illustrate the difference between conventional synthetic antiferromagnets and 
spin-reoriented synthetic antiferromagnets. Moreover, it can be noticed that a high value of 
Hex is observed in a complex multilayer system because of the high perpendicular anisotropy 
induced by seed layers below Co thin layers. However, above a certain thickness of Co layer 
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(> 1.3 nm) the bulk anisotropy is more dominant than interface anisotropy and high Hex was 
not observed.  
 
 
Figure 5.22. Normalized SFD of (a) (Co/Pd)×15 without exchange coupling layer, (AFC1) composed 
of (Co/Pd)×15  multilayers coupled with (b) 0.75 nm, (c) 2.4 nm thick Co layer, and (d) (AFC2) 




Figure 5.23. Exchange field of thin film and patterned films versus Co thickness (nm) for AFC1 and 
AFC2 structures. 
 
   In addition, reduction in SFD by 22.5% in AFC1 patterned film can be related to 
antiparallel alignment at remanence state which reduces dipolar interactions. However, no 
reduction in the remanent magnetization is observed in AFC2 patterned structure. It was 
found that achieving the antiferromagnetically coupled configuration at remanence plays an 
important role in minimizing the SFD. The high Hex can be used for AFC bit patterned media 
and magnetic memory.  
Summary 
 
   In summary, spin-reorientation in antiferomagnetically coupled structures was studied in 
thin films and nanostructures. A high value of Hex is observed in a complex multilayer system 
because of the high perpendicular anisotropy induced either by seed layers or because of a 
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spin-reorientation caused by antiferromagnetic coupling. However, above a certain thickness 
of Co layer (> 1.3 nm) the volume anisotropy is more dominant than interface anisotropy and 
high Hex was not observed. Moreover, the effect of high and low exchange coupling fields on 
the magnetostatic interaction and hence on the SFD of the patterned structure has been 
investigated. In addition, reduction in SFD by 22.5% in AFC2 patterned film can be related to 
antiparallel alignment at remanence state which reduces dipolar interactions. It was found 
that achieving the antiferromagnetically coupled configuration at remanence plays an 
important role in minimizing the SFD. The high Hex can be used for AFC bit patterned media 
and magnetic memory.  
   Until now, the SFD was controlled using antiferromagnetic coupling as a main mechanism. 
In chapter 6, our second approach to reduce the SFD of patterned media based on capped bit-
patterned media (CBPM) will be discussed. In CBPM, a continuous ferromagnetic layer is 
added to patterned nano structures.  The thin film layer can introduce exchange coupling to 
compensate magnetostatic interactions as a way to tailor the SFD. In addition, anomalous 
Hall effect (AHE) measurement is utilized to study the magnetic properties of patterned film 
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   In Chapters 3, 4 and 5, we discussed our first approach to reduce switching field 
distributions (SFDs) based on antiferromagnetically coupled (AFC) bit patterned media 
(BPM) with different designs for the stabilizing layer. In previous chapters, our objective to 
minimize the SFD was through creation of anti-parallel configuration of magnetizations at 
remanent state. In this chapter, we discuss the role of a small exchange coupling between 
isolated single-domain magnetic dots and a thin continuous film – in a system called capped 
bit-patterned media (CBPM).  
   Since conventional magnetic characterization techniques such as magnetic force 
microscopy (MFM) can only measure one magnetization direction at a time or alternating 
gradient magnetometer (AGM) need a large area of patterned area, we used anomalous Hall 
effect (AHE) measurements which is a capable technique to study the magnetization 
switching and magnetic properties of patterned dots even for small area.  In addition, AHE 
can distinguish simultaneously the in plane and out of plane components of magnetization. 
Thus, AHE was used to investigate the SFD for BPM and CBPM based on (Co/Pd) multi 
layers with 5, 10, 15, 25 repeats. The first part of this chapter explains the magnetic and 
crystallographic properties of Co/Pd multilayers. The second part studies the effect a 
continuous layer coupled with BPM structure on SFD. 
6.2 Co/Pd multilayers  
 
   (Co/ Pt)N or (Co/Pd)N multilayers with 5 to 25 bilayer repeats have been investigated by 
different groups and it has been reported that magnetization exhibits sharp switching [15,16]. 
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For the case of N equals to 4, the existence of sub microsized domains inside much larger 
macroscopic ―bubble‖ type domains was observed. For much larger N, magnetization 
reversal is found to be dominated by nucleation followed by domain wall motion [17–23]. 
Knepper and Yang [21] investigated (Co/Pt) multilayer with a number of repeats ranging 
from 2 to 30, but their study focused on the oscillatory behavior of the interlayer coupling of 
the multilayers as a function of Pt thickness.  
   In this chapter, magnetization reversal and domain structures in (Co/Pd)N multilayers with a 
number of repeats ranging from 5 to 25 have been investigated for patterned media 
applications. The (Co/Pd)N multilayers used in our study were deposited on thermally 
oxidized Si substrates by dc sputtering. A schematic of these structures is shown in figure 6.1. 
A lamination of Ta (5 nm)/Cu (5 nm)/Pd (3 nm) was used as seed layer to improve the 
crystallographic growth of the multilayer as was reported in a previous study [8, 24]. The 
thickness of Co and Pd were fixed to 3 Å and 8 Å, respectively, to achieve a relatively large 
perpendicular anisotropy. 
   Magnetization reversal in (Co/Pd) multilayers with perpendicular anisotropy for different 
numbers of bilayers (N) is investigated experimentally and by theoretical modeling. Before 
discussion about patterned media properties, firstly we studied the magnetostatic energy in 
these structures and its effect on the magnetization reversal behavior and the nature of 





Figure 6.1. An illustration of Co/Pd multilayers with 5, 10, 15 and 25 repeats. 
 
 
6.2 .1 Magnetization reversal mechanisms in Co/Pd multilayers  
 
   The hysteresis loops for (Co/Pd)N multilayers are shown in figure 6.2 for different number 
of bilayers. There was no noticeable change in the coercivity HC with N although the 
multilayer with ten bilayers shows slightly larger HC. The most striking behavior is the 
change in the slope of the hysteresis loop for fields near and exceeding HC as N varies. For 
multilayers with less than ten bilayers, a sharp magnetization reversal was observed. This is 
in contrast to multilayers with 15 and 25 repeats which show a large tail in the hysteresis 
loop. In all the multilayers deposited with N up to 25, the ratio between remanence 
magnetization Mr and saturation magnetization Ms is equal to 1. In figure 6.2 for films with 
more than 15 bilayers, magnetization reversal occurs in two steps: nucleation of a large 
number of domains followed by a slow domain movement.  
   From the study on multilayers with 15 repeats, Sbiaa et al. observed that after nucleation of 
domains, the width of the stripes decreases while the domains expand until saturation [22]. 
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Even though there is no clear trend of Hc as a function of N, the tail of the hysteresis loop is 
more pronounced for multilayers with N larger than 15. To explain the experimental results 
presented in figure 6.1, we also conducted MFM studies of these samples. The images, taken 
at ac-demagnetized state for the different multilayers, show a clear difference in domain size.  
  
 
Figure 6.2. Hysteresis loops for (Co/Pd) multilayers with different number of repeats measured by 
AGM. In the measurement, the magnetic field was applied perpendicular to film plane. A sharp 
magnetization switching can be seen for five and ten bilayers cases while tails in the hysteresis loops 
were observed for multilayers with 15 and 25 repeats. 
 
   All the MFM images shown in figure 6.3 were taken from a 20 µm by 20 µm area of each 
multilayer. For five bilayers case, no clear magnetic domains could be observed after 
demagnetization of the sample. For (Co/Pd) with 10 and 15 bilayers, large domains of more 
than 3 µm in width can be observed. The same domain patterns were observed for all other 
multilayers except that the size of the domains becomes smaller as the number of bilayers 
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increases. To confirm the correlation between the size of magnetic domains and the number 
of bilayers, each multilayer has been deposited three to four times and similar results as 
shown in figures 6.1 and 6.3 were obtained. In figure 6.3, for multilayers with 22 and 25 
bilayers, we did not see a clear difference in magnetic domain size although the samples were 
repeated. It is known that magnetostatic interactions influence the domain size in magnetic 
thin films with perpendicular anisotropy [25–27]. 
 
 
Figure 6.3. MFM images in demagnetized states for (Co/Pd) multilayers with different number of 
repeats N. The series of images clearly show the reduction in domain size as the number of bilayers 
increases. The image scale is 20 µm by 20 µm. 
 
   Based on theoretical modeling [28] that took into account of the magnetostatic energy from 
the different magnetic layers, the domain size dependence on the number of bilayers is 
explained. For large N, the tail in the hysteresis loop is revealed to be the result of an increase 
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in the magnetostatic energy, which at the same time leads to a drastic reduction in domain 
width. 
6.2 .2 Crystallographic properties of Co/Pd multilayers  
 
   From x-ray diffraction measurements shown in figure 6.4, only one clear peak at around 
41° was observed for all the multilayers which is a good indication of the growth of fcc (111) 
of CoPd. There was no change in the fcc (111) peak position by increasing the number of 
bilayers although the intensity of the x-ray signal increases with the total thickness as 
expected. Furthermore, we did not observe a difference in signal taken from low angle XRD 
of these three multilayers. These results confirm that the microstructure and roughness at the 
interfaces of the (Co/Pd) multilayer did not change by increasing the number of repeats.  
 
 




Having discussed the magnetic and structural properties of thin films, the discussions in the 
next sections focus on the magnetic properties of conventional and novel BPM as 
investigated using AHE measurement. 
6.3 Capped bit patterned media (CBPM) 
 
   As is discussed in previous chapters, Bit patterned medium is one of the promising 
candidates to overcome the issue of media trilemma and the switching field distribution 
(SFD) of the magnetic dots remains as a challenge [33-39]. 
 
Since a larger SFD will lead to 
increased amount of write-in errors, SFD is an important topic studied by several researchers 
[39-41]. 
   Antiferromagnetically coupled patterned (AFC) media were discussed in chapters 3, 4 and 
5 as possible candidates to understand the effect of magnetostatic interaction on the SFD [38, 
39].
 
Recently, magnetically hard patterned islands coupled to a continuous film (capped bit-
patterned media which called CBPM) have also been investigated based on micromagnetic 
simulations [42-44].
 
In this thesis, we have proposed heterogeneous CBPM - wherein the 
capping layer is made of another material such as a soft layer - to minimize SFD. We show 
that a reduction in Hc and SFD can be achieved by using same material for capping layer by 
carrying out experimental and micromagnetic simulation studies on bit patterned structures.  
   For experimental demonstration, we deposited Co/Pd multilayers with the following 
structure: Ta(5nm)/Pd(3nm)/[Co(0.3nm)/Pd(0.8nm)]n (where n=5,10,15 and 25 repeats) using 
dc magnetron sputtering on Si substrates with a thermally oxidized SiO2 surface [29-45].
 
The 
patterned dots with 50 nm pitch and 25 nm diameter were achieved using high resolution 






Figure 6.5. The schematic of BPM (left hand side) and CBPM (right hand side). 
 
   
In order to achieve conventional BPM samples, Co/Pd multilayers with n=5 and 10 layers 
were completely ion-milled to form discrete magnetic islands. To prepare CBPM sample, 
ion-milling was carried out partially on Co/Pd multilayers with n=15 and 25 and the ion-
milling time (2 minutes) was maintained the same for all samples. The schematic of BPM and 
CBPM is shown in figure 6.5. 
   AHE measurements were used to obtain information on the magnetization switching 
mechanism through measurements with different angles for the applied magnetic field. For 
this measurement, the Hall bar is necessary to fabricate. The methods of Hall bar fabrication, 
analysing the Hall voltage and extracting the in-plane and out of plane magnetization signal 





6.4 Anomalous Hall voltage (AHV) 
 
   Figure 6.6a shows a scanning electron microscopy image of a fabricated patterned device 
ready for AHE measurements. The schematic diagram (as inset in figure 6.6b) shows the 
relative angles between the external magnetic field H, magnetization M, and the current I.  
 
 
Figure 6.6. a) SEM image from Hall bar, b) schematic diagram showing the relative angles between 





Figure 6.7. SEM image of BPM with 25 nm , 50 nm  dot size and pitch size, respectively. 
 
 
Figure 6.8.a) Atomic force microscopy (AFM), b) Magnetic force microscopy (MFM) image of BPM 
with 50 nm pitch size at ACD. 
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   The SEM image of the patterned structure is shown in figure 6.7. Figure 6.8 shows that the 
MFM images of BPM2 after AC demagnetization state. Figure 6.9 shows the anomalous Hall 
voltage (AHV) loops of the conventional patterned samples and Capped bit patterned media. 
The legend abbreviations inside figure 6.9 are explained as follow. BPM1 and BPM2 
represent fully etched patterned Co/Pd multilayers with 5 and 10 repeats, respectively. Based 
on ion milling etch rates for different materials, we calculated the thickness of capping layer.  
For CBPM1 which is corresponding to partially etched (Co/Pd)15 mulilayers, the thickness of 
patterned dots is 14.1 nm and thickness of capping layer is 2.4 nm. The thickness of patterned 
dots is 14.1 nm and thickness of capping layer is 13.4 nm for CBPM2 which was obtained 
from (Co/Pd)25 multilayers.  
   The coercivity values of all the patterned samples were found to be larger than that 
observed in unpatterned films [40, 41, 46, 47]. The conventional BPM samples (with 
completely decoupled magnetic bits) exhibit a higher coercivity than CBPM samples (with 
coupled magnetic bits). Among the two conventional BPM samples, the one with a larger 
number of magnetic bilayers has a higher coercivity. Among the two CBPM samples, the one 
with the thinnest capping layer (CBPM1) has a higher coercivity. Although the total magnetic 
layer thickness is larger in CBPM samples, they have a lower coercivity than the 
conventional BPM sample with 10 bilayers. 
    It can be seen that, the coercivity of patterned Co/Pd multilayers with 5 and 10 repeats 
were increased from 750 Oe, and 800 Oe (thin film) to 4.5 kOe and 11 kOe, respectively. The 
enhancement in coercivity of fully etched patterned dots is well explained earlier. In the case 
of unpatterned samples, the reversal is by nucleation and domain wall motion. Whereas, the 
switching mechanism in patterned dots is based on coherent rotation and the applied filed to 
reverse the magnetization of single domain island should overcome to magnetic anisotropy 
energy. Despite, it was observed that the coercivity of CBPM 1 and CBPM2 media are 
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increased to 3.8 kOe and 2 kOe, respectively. The small enhancement in coercivity is related 
to the contribution from the thin film which is coupled to the patterned islands. Therefore, the 
mechanism of magnetization reversal is not based on Stoner–Wohlfarth model. The M-H 
loop is almost square with sharper switching for CBPM1 and CBPM2. 
 
Figure 6.9.  Anomalous Hall Voltage (AHV) of (Co/Pd) conventional bit-patterned media with 5 and 
10 bilayers and capped bit-patterned media with 15 and 25 bi-layers.    
 
  Figure 6.10 shows the MFM images of bit patterned media with a) (Co/Pd)5 as BPM1, b) 
(Co/Pd)10 as multi layers BPM2, c) capped bit patterned media with 2.4 nm as CBPM1 and 
d)13.4 nm thickness of capping layer (CBPM2)  at remanence. The brown (darker) dots 
indicate the magnetic regions that have reversed and the yellow (brighter) dots indicate the 
regions that were not reversed. In conventional BPM samples (BPM2), the dots were found to 
switch independent of each other, indicating the absence of exchange coupling.  Just the 
 145 
 
opposite, in sample with too thick layer of continuous film (CBPM2), magnetic clusters were 
observed - indicating the effect of the exchange interaction introduced by the continuous 
layer. These results also indicate that the exchange interaction must be optimized with a 
suitable thickness of capping layer in order achieve a reduced SFD and independent 
switching of dots. 
 
Figure 6.10. Magnetic Force Microscopy (MFM) images of (a) BPM1 with n=5 bilyers, (b) BPM2 
with n=10 bilyers, c) CBPM1 with n=15 bilayers and 2.4 nm thick of capping layer and d)CBPM2 
with n=25 bilayers and 13.4 nm thick of capping layer. 
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6.5 Switching field distributions of BPM vs CBPM 
   In order to understand and minimize the SFD of patterned structures, a derivation has been 
taken from out of plane hysteresis loops. Moreover, systematic micromagnetic simulations 
were carried out to compare the simulated and experimental SFDs for BPM and CBPM. 
   We carried out micromagnetic simulations using commercial software - Advanced 
Recording Model (ARM) - on different configurations; Co/Pd BPM with 10 bilayers, 
unpatterned film with a thickness of 2.4 nm (representing the capping layer of CBPM1), 
CBPM which combines the continuous film (with thicknesses of 6 nm, 10 nm and 13.4 nm) 
and the BPM dots with 10 bilayers.  BPM was simulated based on dots with a diameter of 25 
nm and a pitch of 50 nm. Easy axis dispersion, saturation magnetization MS and exchange 
constant A were fixed at 4 degrees, 330 emu/cm
3
(typical values based on experimental data) 
and 6×10
−7
 erg/cm, respectively. 
   In the first step, we made 120 runs to obtain the best fitting between the experimental and 
simulation results.  To simulate CBPM, we used highly exchange coupled continuous thin 
film as a capping layer.  Therefore, after finding the best fitting, we carried out 5 more 
simulation runs to test the repeatability of results. The standard deviation of normalized SFD 
and Hc were calculated as shown in table 6.1. 
 
















2.4 3836 0.115 3821 0.114 3840 0.116 3821 0.114 3868 0.117 3837±29 0.115±0.002 
6 3558 0.111 3580 0.112 3558 0.111 3565 0.112 3558 0.111 3563±16 0.111±0.001 
10 2542 0.101 2582 0.103 2578 0.102 2584 0.104 2578 0.102 2573±11 0.102±0.002 
13.4 1984 0.094 1943 0.093 1963 0.098 1890 0.073 2033 0.088 1963±70 0.089±0.008 
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   For CBPM with 2.4 nm thick capping layer, the experimental values of normalized SFD 
and Hc were 0.115 and 3800 Oe respectively. Although for thick 13.4 nm capping layer the 
normalized SFD is smaller than that of capping layer with 2.4 nm thick, the coercivity of 
CBPM with 13.4 nm capped layer is closer to the coercivity of thin film – indicating a 
collective reversal, which is not desired from readback signal perspective.  
   Figure 6.11a shows the hysteresis loops (normalized magnetization: M) obtained from the 
micromagnetic simulations for the three configurations. The simulation results closely mirror 
the experimental measurements. Figure 6.11b shows the SFD from simulations and 
experiments for the BPM and CBPM samples obtained from the derivative of the hysteresis 
loops. The BPM sample with 10 bilayers shows the largest SFD in both simulation and 
experimental measurements. On the other hand, the CBPM sample shows a reduction in Hc as 
well as SFD. The reduction in SFD and Hc were understood to be arising from the 
introduction of an optimum exchange coupling field originating from the capping layer to 
compensate the magnetostatic field between the magnetic dots as shown in figure 6.12 [42-
44]. It can be mentioned that in the case of CBPM, there is a lateral exchange coupling 
energy in capped layer and conversely dipolar interactions between patterned dots. Therefore, 
this lateral exchange coupling can reduce the dipolar field, and SFD will be reduced.  
   These results are similar to the current granular perpendicular media with capped magnetic 
layers or the CGC media, where the continuous layers provide an exchange coupling between 
the grains which results in a reduction of SFD [48, 49].  It must be mentioned here that we 
are using the same materials for the capping layer with the same magnetization, unlike other 
reports which propose the use of a soft magnetic material [43, 44]. It has to be emphasized 
that the thickness and saturation magnetization of the capping layer need to be chosen for an 
optimized exchange coupling in order to obtain the narrowest SFD without increasing the 
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noise. In fact, CBPM2 sample with 25 bilayers (which had 13.4 nm continuous bilayers and 
hence a significantly larger exchange coupled) showed a very low coercivity of 2 kOe and the 
formation of clusters indicating the need for an optimized exchange coupling. 
 
Figure 6.11. a) Simulated hysteresis loops of structures that represent BPM2, thin continuous film that 







Figure 6.12. An illustration for compensation of dipolar interactions with lateral exchange coupling 
field in capped layer. 
 
    It mentioned earlier, the objective in this chapter is to tune the exchange coupling field 
simply by changing the thickness of the continuous layer with the same magnetization like in 
coupled granular/continuous (CGC) media. However, the difference between CGC media and 
our design is that the two layers in our media are of the same material. In addition, no 
exchange break layer is proposed in this scheme, but, an exchange break layer in continuous 
layer is another possible approach to fine tune the exchange coupling and to minimize the 
SFD. The exchange coupling is tuned by controlling the thickness of the layer itself. 
Optimizing the exchange coupling using other materials is also can be done for future work. 
6.6 Planar Hall voltage (PHV) 
 
   As the films are made of Co/Pd multilayers, the continuous layer has a perpendicular 
anisotropy. In order to confirm the magnetization direction of capping layer, and Hall-voltage 
measurement can also provide information about the magnetization direction of capping 
layer, we extracted the in-plane loop from the planar Hall Voltage (PHV) as discussed in 







Planar Hall Voltage (PHV) loops for BPM and CBPM samples.
 
 
   Each curve was measured for different angle α between the film-normal and applied 
magnetic field. It can be noticed from the PHV loops that there is no in-plane magnetization 
direction on capping layer for CBPM1 and CBPM2. The PHV results further confirm that the 




6.7 Thermal stability factor and the anisotropy field for BPM and CBPM 
 
   Although reduction of switching field and its distribution were achieved using our new 
scheme, there is still a need to evaluate thermal stability factor which has to be kept higher 
than 60. For this purpose, we measured the thermal stability factor and the anisotropy field 
from dynamic coercivity measurements. For this purpose, AHE was measured at different 

















Where t is the hold time, (=KuV/kBT) is the thermal stability factor, the value of attempt 




Hz, and exponent n values to 3/2 are preferred for 
perpendicular recording media [53]. 
   Figure 6.14 shows the stability factor (  ) and anisotropy field (Ho=Hk) obtained from the 
fitting. It can be noticed that the value of Hk is 7 kOe, 12 kOe and 5.5 kOe and the estimated 
  is 82, 160 and 109 for patterned [(Co/Pd)5], [(Co/Pd)10) multilayer and CBPM1, 
respectively. As the thickness and the diameter of the dots are known, an estimate of Ku can 
be made from the values of  . However, fitting of Sharrock‘s equation involves two 
unknown parameters, fo and n and the value of   is very sensitive to the value of n chosen 
and hence the Ku was found to be below 2×10
6
 erg/cc for n=11, far below the values expected 




Figure 6.14.a) Anisotropy filed Hk, and b) stability factor (=KuV/kBT) of conventional bit-patterned 
media (BPM1 and BPM2) and CBPM1. 
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   Contrarily, the value of Ku can also be measured from the Ho values from the fitting, as Ho 
changes only a little with fo or n. The values of Ku calculated from Ho using the formula, Ku = 
Ms.Ho/2, where Ms is saturation magnetization, were about 2×10
6
 erg/cc for 5 bilayers and 
3.8×10
6
 erg/cc for 10 bilayers, within the reasonable values for Co/Pd multilayers. From 
these results, it can be understood that the increase of coercivity in media with 10 bilayers is 
due to an increase of Ku although the origins of this increase of Ku is not understood. 
Summary 
 
   As a summary, conventional bit-patterned media as well as capped BPM were investigated 
experimentally using anomalous Hall effect measurements. The exchange coupling, provided 
by the thin continuous layer, was effective in reducing the switching field distribution and 
coercivity under optimized conditions. SFD increases and coercivity decreases for very high 
values of exchange coupling due to the formation of multi-domains. Besides reducing SFD, 
the CBPM also exhibit potential writability advantage at higher densities, indicating their 
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Chapter 7. Conclusions 
 
7.1 Summary of this thesis 
 
   The primary aim of this dissertation is to understand and reduce the switching field 
distributions (SFDs) of patterned perpendicular magnetic islands from a data storage 
perspective. For this purpose, Antiferromagnetically coupled (AFC) patterned media and 
capped bit patterned media (CBPM) were investigated as two novel pathways to reduce the 
dipolar interactions and to minimize the SFDs. Our approaches to investigate the SFD of 
patterned media were based on experimental methods, systematic modeling and simulations.  
   In this thesis, several methods have been used to fabricate patterned islands. The patterned 
islands were fabricated by Electron beam lithography (EBL) and Nano imprint lithography 
(NIL) methods. In order to characterize the switching mechanism of magnetic dots, we 
employed the Magnetic force microscopy (MFM) method, Alternating gradient 
magnetometer (AGM), and Anomalous Hall Effect (AHE) measurements.   
   The deposition of thin films, fabrication of patterned islands and characterization methods 
were described in chapter 2. MFM was utilized for investigating the domain pattern of an 
island for measuring the switching field distribution of patterned dots. On the other hand 
AGM was used to measure the full M-H loops of patterned media fabricated by NIL. In 
addition the full hysteresis loops of capped bit patterned media over a small area were 
measured using AHE. We have proposed that MFM using tips with perpendicular magnetic 
anisotropy is a suitable technique to improve the resolution. 
   In chapters 3, 4 and 5 we have described our investigations to reduce the SFD based on 
AFC patterned media. The main criteria to achieve AFC patterned media is the coercivity of 
stabilizing layer should be smaller than exchange coupling field after patterning. Hence, at 
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this condition the anti-parallel state can be achieved at remanent state. Since the dipolar 
interaction is proportional to net magnetization remanent moment, the dipolar interaction can 
be reduced by achieving the anti-parallel state. Therefore, AFC patterned media can help to 
minimize the SFDs. 
   In chapter 3, we tried to understand quantitatively the effect of dipolar interactions on SFDs 
of conventional and staggered patterned configurations based on systematic modeling, 
simulations and experimental methods. Although the staggered BPM have several advantages 
and it can help to increase the width of the reader and writer head in actual recording, it was 
observed that the SFD of staggered patterned media is larger than the conventional patterned 
island. The reason for having wider SFD in staggered patterned media was larger dipolar 
interaction. Therefore, AFC patterned media is proposed to reduce the dipolar interaction and 
minimize the SFD. 
   In chapter 4, the effect of coercivity of stabilizing layer in AFC patterned media is studied 
to achieve the anti-parallel state at remanent state. The anti-parallel stat at remanent state can 
reduce the net magnetization moment and the SFD can be minimized. For this purpose, in the 
first part of this chapter CoCrSiO2 thin film layers as a stabilizing layer with different 
granularity were sputtered on top of the recording layer and 0.8 nm thick Ru layer. The 
patterned islands were fabricated using EBL and the SFD curves were measured by counting 
the reversal magnetic dot with using MFM images. We have expected that the AFC patterned 
media with stabilizing layer which is sputtered at higher pressure have lower SFD because of 
inducing superparamagnetic domains. Therefore the coercivity of stabilizing layer could be 
smaller than the exchange coupling field after pattering. However, the result was in contrast 
with our prediction. The smaller SFD curves observed for the AFC structures with stabilizing 
layer when it was sputtered at lower pressure. We realized that the difference could be due to 
the use of CoCrPt:Oxide layers for patterned media. Therefore in the final part of this chapter 
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other types of AFC patterned media were fabricated with low and high magnetic anisotropy 
constants for stabilizing layers. Moreover, Co/Pd multilayers or CoPt films without oxygen 
were used as the main recording layer. It was observed that the AFC patterned media with 
lower anisotropy constant can provide the criteria for AFC patterned media to reduce the 
SFD. However in order to further understand the effect of these samples; it would be nice to 
take full M-H loops of AFC samples for future studies. In addition, several configurations for 
AFC structures can be studied for more analysis. Such as keep increasing thickness of the 
recording layer and stabilizing layer with the same ratio to achieve the same remanent 
moment. 
   In chapter 5, the new kinds of AFC structures with low and high exchange coupling fields 
and their influences were described on SFD of patterned nanostructures. Spin reorientation 
transition from in plane to out of plane direction with employing AFC concept could help to 
induce different kinds of AFC structures.  
 In the first part of this chapter, the Co/Pd multilayers with 10 repeats were fabricated and 
antiferromagnetically coupled with (Cot/Pd)3 as AFC samples with low exchange coupling 
field. The thickness of Co layer was changed from 0.4 nm to 1.2 nm. The patterned 
nanostructures were fabricated by nano imprint lithography over a large area. Full M-H loops 
of those nanostructures were measured with AGM and AFC configuration in magnetic 
nanotsrutures were observed when the Co thickness was 1 nm. Another interesting result was 
the observation of perpendicular magnetic anisotropy for Co/Pd multilayers when the Co 
sublayers thickness was 1 nm. 
   In the next part of this chapter, a new type AFC structures with high exchange coupling 
fields was sputtered at room temperature. The (Co/Pd)×15 multi layers were coupled with thin 
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Co layer and the thickness of Co was varied from 0.6 nm to 2.4 nm. The exchange field was 
reduced from 15 kOe to 8.5 kOe for 0.75 nm and 1.2 nm, respectively. 
   The origin of exchange field was categorized in three regions. In the first region when the 
Co layer thickness was between 0.75 nm to 0.9 nm, interface magnetic anisotropy between 
the Co layer and Co/Pd multilayers was the main reason to induce the high exchange 
coupling fields. In the second region when the Co layer thickness was between 0.9 nm to 1.2 
nm, the AFC was induced by spin reorientation from in plane to out of plane. However in the 
third region after 1.2 nm thick Co layer, the spin reorientation was not observed. At this range 
of Co thickness the bulk anisotropy overcomes the interface anisotropy. 
   In addition the SFD of magnetic nanostructures for those samples was studied in this 
chapter. The smallest SFD was observed for the AFC pattern structures with high exchange 
coupling filed close to 15 kOe. These observations are significant for patterned media and 
spintronics devices.  
   Finally in chapter 6, Capped bit patterned media was investigated based on simulation and 
experimental results to reduce the SFD of patterned dots. The full hysteresis loops of capped 
bit patterned media were studied with anomalous Hall Effect measurements. It was observed 
that the SFD can be reduced when the hard patterned magnetic island coupled with a thin film 
layer. The thin film layer material was the same as patterned islands. It was concluded that 
optimum exchange field between the thin film and magnetic bits can help to reduce the SFD. 
The reduction in SFD is explained by compensation of dipolar interaction with exchange 
coupling field. However, it is necessary to study the effect of different kinds of thin layer 




7.2 Suggested Future Work 
 
   Based on the understanding supported by this dissertation, future work can focus on 
investigating the magnetic properties of bit patterned media at much higher densities than 
what we have studied. At higher densities, the role of magnetostatic interaction will be even 
stronger and hence, the methods we proposed might be more useful in that regime. In 
addition, most of our studies were based on MFM, and hence we could not carry out the 
thermal stability investigations. This is one area where further attention can be paid. In 
addition, a dynamic study on the reversal mechanism of patterned dots and nucleation 
mapping on different patterned size are worthy investigating. Moreover, the switching field 
distribution patterned media with pitch size of smaller than 15 nm is still unknown. Given the 
potential coherent rotation based on S-W model, the smaller pitch and dot diameter  might be 
more subject to the edge damage, which have not been studied to be a clear reason in the 
widen switching field distribution for this technology.  
   In spite of recent progress in areal density with current perpendicular magnetic recording, 
there is still one important question. The question is how far perpendicular magnetic 
recording technology can augment the areal density. As is mentioned in the first chapter, the 
superparamagnetic effect is the extreme limitation of current perpendicular magnetic 
recording technology as the areal density range becomes more than 2 Tbit/in
2
.  A lot of 
researchers are working to optimize the parameters for bit patterned media. However, it is 
necessary to look at also BPM technologies for areal densities more than 10 Tbit/in
2
 .This 
density corresponds to an island dimension of 4 nm and a period of 8 nm in both the down 
track and cross track directions. For patterned media to become an economically viable 
alternative, means to fabricate large area patterns of such high density at reasonable costs 
have to be devised. Nano imprint lithography with a proper master mold and combination of 
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diblock copolymers with conventional lithography techniques make a promise in this regard. 
But still a lot needs to be done to reach the goal. 
 
